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Abstract

The stability of vortices in a stratified and rotating fluid is studied numerically and theoretically in order to
better understand the dynamics of vortices in the oceans and atmosphere. In the first part, the stability of
a columnar vertical axisymmetric vortex is analysed. For strong stratification and rapid background rotation
and some vortex profiles such as a Gaussian angular velocity, the dominant instability is a special instabil-
ity, called “Gent-McWilliams instability”, which bends and slices the vortex into pancake-shaped vortices.
Numerical and asymptotic stability analyses for long-wavelength show that this instability originates from
a destabilization of the long-wavelength bending mode by a critical layer at the radius where the frequency
of the mode is equal to the angular velocity of the vortex. A necessary condition for instability is that the
base vorticity gradient is positive at the critical radius. In the second part, the stability of an axisymmetric
pancake-shape vortex with a Gaussian angular velocity in both radial and vertical directions is analyzed de-
pending on the intensity of the stratification, the rotation of the fluid, the aspect ratio a of the vortex and
the Reynolds number Re. In the case of a strongly stratified non-rotating fluid, centrifugal and shear insta-
bilities are shown to have similar characteristics as for columnar vortices. The centrifugal instability occurs
when the buoyancy Reynolds number ReF? (where F}, is the Froude number) is above a threshold and can be
non-axisymmetric close to the threshold. The shear instability develops only when the vertical Froude number
Fy /o is low such that the vortex thickness is larger than the cutoff wavelength for a columnar vortex for the
same parameters. Gravitational and baroclinic instabilities are also observed, respectively, above and just
below the threshold F},/a = 1.5 which corresponds to a zero maximum total density gradient. A simple model
predicts the characteristics of the baroclinic instability. Strongly stratified rotating fluids are next considered.
The centrifugal instability becomes stabilized for small Rossby number Ro, in agreement with the generalized
Rayleigh criterion. An instability similar to the Gent-McWilliams instability of a columnar vortex occurs for
small Froude and Rossby numbers. The occurrence of the shear instability continues to be governed by con-
finement effects. Mixed shear-baroclinic and baroclinic-Gent-McWilliams instabilities are also observed when
the isopycnals are strongly deformed in the vortex core. The baroclinic instability develops when Fp/a(1 +
1/|Ro|) > 1.46, i.e. when the Burger number based on the absolute angular velocity is below a threshold.

Keywords: instability, columnar vortex, pancake vortex, stratified fluid, rotating fluid
Résumé

La stabilité de tourbillons dans un fluide stratifié en rotation est étudiée numériquement et théoriquement
afin de mieux comprendre la dynamique des tourbillons dans les océans et I’atmosphere. Dans la premiere
partie, la stabilité d’un tourbillon colonnaire vertical est analysée. Pour des fortes stratifications et des rota-
tions rapides, certains tourbillons comme ceux ayant une vitesse angulaire gaussienne présente une instabilité
particuliere, appelée “instabilité de Gent-McWilliams”, qui courbe et découpe le tourbillon en couches. Des
analyses numériques et asymptotiques pour de grandes longueurs d’onde montrent que cette instabilité provient
d’une déstabilisation du mode de déplacement de grande longueur d’onde par une couche critique au niveau
du rayon ou la fréquence du mode est égale a la vitesse angulaire du tourbillon. Une condition nécessaire
d’instabilité est que le gradient de vorticité de base soit positif au niveau du rayon critique. Dans la deuxieme
partie, la stabilité d’un tourbillon axisymétrique en forme de crépe avec une vitesse angulaire gaussienne dans
les directions radiale et verticale est analysée en fonction de l'intensité de la stratification, de la rotation du
fluide, du rapport d’aspect a du tourbillon et du nombre de Reynolds Re. Dans le cas d’'un fluide forte-
ment stratifié non-tournant, les instabilités centrifuges et de cisaillement ont les mémes caractéristiques que
celles des tourbillons colonnaires. L’instabilité centrifuge se produit lorsque le nombre de Reynolds de flotta-
bilité RekF, ,f (o F}, est le nombre de Froude) est supérieur & un seuil et est non-axisymétrique prés du seuil.
L’instabilité de cisaillement ne se développe que lorsque le nombre de Froude vertical F},/« est faible de sorte
que ’épaisseur du tourbillon est plus grande que la longueur d’onde de coupure d’un vortex colonnaire pour les
mémes parametres. Des instabilités gravitationnelles et baroclines sont également observées, respectivement,
au dessus et juste en dessous du seuil Fy /o = 1.5 qui correspond & un gradient de densité total maximum
nul. Un modele simplifié prédit les caractéristiques de l'instabilité barocline. Le cas des fluides fortement
stratifiés-tournants est ensuite considéré. L’instabilité centrifuge disparait pour les nombres de Rossby Ro
petits, en accord avec le critere de Rayleigh généralisé. Une instabilité semblable a instabilité de Gent-
McWilliams d’un tourbillon colonnaire se produit pour les faibles nombres de Froude et Rossby. L’existence
de l'instabilité de cisaillement continue d’étre régie par des effets de confinement. Des instabilités mixtes, Gent-
McWilliams-barocline et cisaillement-barocline, sont également observées quand les iso-densités sont fortement
déformées dans le coeur du tourbillon. L’instabilité barocline se développe lorsque Fy /a1 + 1/|Ro|) > 1.46,
c’est & dire lorsque le nombre de Burger basé sur la vitesse angulaire absolue est inférieure & un seuil.

Mots clés: instabilité, tourbillon colonnaire, tourbillon crépe ou lenticulaire, fluide stratifié, fluide tournant
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BACKGROUND AND MOTIVATIONS

In this chapter, the general motivations and the basics are discussed. The stability of colum-
nar and pancake vortices in stratified and rotating fluids are briefly introduced. For an iso-
lated columnar vortex, centrifugal, shear, radiative and Gent-McWilliams instabilities are
presented. For pancake vortices, the density structures and some stability results are shown.
The goals of the thesis are to generalize the stability conditions of the Gent-McWilliams in-
stability for columnar vortices and to characterize the stability of pancake vortices in terms
of control parameters.
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Chapter 1. Background and motivations

1.1 General motivations

The main interests in geophysical fluids dynamics are to better understand the motions of the
atmosphere and oceans to improve the earth system modelings, forecast of various natural
phenomena, environmental protection and further extension to other planets. However, it is
not so easy to study the atmosphere and oceans because they are highly complex involving
many physical processes and a huge range of spatial and temporal scales.

The two distinguishing attributes of such fluids are the presence of the Coriolis force due to
the planetary rotation and density variations along the vertical. The density stratification
is generally stable: the light fluid being above the heavy fluid.

The importance of the stratification and rotation effects depends on the typical scales of the
motions. For large scale (> 100km in the atmosphere, > 10km in the ocean), both stratifica-
tion and rotation are strong. Weather patterns, large eddies, fronts and the major currents
are examples. In contrast, at intermediate scales (mesoscales:1-100km in the atmosphere,
submesoscales ~ 10km in the oceans), the effect of the planetary rotation is comparably
weak whereas stratification effects are still strong. Sea breeze, mountain waves, internal
waves, submesoscale eddies and coastal upwellings are examples. The planetary rotation
and stratification are weak for small scales (< O(1)km). Tornadoes, whirlpools, mixing and
dispersion of pollutants are at these small scales. However, each scale can exchange with
the others or one phenomenon can lie on a wide range of scales as can be seen in figure
1.1 (Kantha & Clayson, 2000). All different scales should be collectively considered: the
accuracy of long-term climate predictions depends largely on the processes at small scales
that are not resolved but only parameterised empirically in numerical climate models.

The stratification and rotation effects can be measured by dimensionless parameters: Rossby
(Ro) and Froude (F}) numbers:

inertia %4 I inertia \%4
0o = = —_— = _——
background rotation  fL’ h background stratification ~ NL’

(1.1)

where V' is the characteristic velocity, L the typical horizontal length scale of the motion, f
the Coriolis parameter defined as f = 2Qp sin ¢ where Qg is rotation rate of the Earth (or
a planet), ¢ the latitude and N the Brunt-Viiséld frequency defined as

|—g0p

where ¢ is the gravity, dp/0z the vertical density gradient and py a reference density. The
smaller F}, and Ro are, the stronger influences of stratification and rotation on the mo-
tions. When Ro <« 1 and Fj; < 1, the equation of motions can be simplified to the
quasi-geostrophic equation and when Ro > 1, they are ageostrophic. Densities in the atmo-
sphere and oceans are generally function of temperature, pressure and also salinity for the
ocean. Figure 1.2 shows the typical density distributions in the oceans (Pedlosky, 1992).
The density changes with the depth but the variations of the density are very small. The dif-
ferences between minimum and maximum density are only about 0.004(g/cm?). Hence, the
Boussinesq approximations can be applied to the equations of motion since the density vari-
ations p’ are much smaller than the reference density p’ < pg. The Earth’s rotation varies
with the latitude ¢. The f-plane approximation is when f is assumed to be constant and
the B-plane approximation takes into account small meridional y variation as f ~ fy + Sy.
Generally, the stable stratification inhibits vertical motions. The ambient rotation tends to
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Figure 1.1: The spatial and temporal scales of motions in the atmosphere and the oceans.

Image from Kantha & Clayson (2000).
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Figure 1.2: Typical density distribution of the ocean. Image is reproduced from Pedlosky
(1992).

impart vertical coherence to the motions. In the thesis, we use the Boussinesq and f-plane
approximations.

Among all the important geophysical phenomena, we are particularly interested in vortices
or eddies. Vortices in the atmosphere are important because they can be natural hazards
confronting humans. Tropical cyclones are examples of the atmospheric vortices (typhoons
for western North Pacific Ocean and hurricanes otherwise). Because they are accompanied
with strong winds, rain and damaging storm surges, they have been an important subject
in meteorology. Figure 1.3a shows two typhoons observed in August 2015 near Korea and
Japan: Goni and Atsani. Their typical radii are 100km and 200km and the maximum
speed observed is 204km/h and 120km/h, respectively on 24 August 2015 (NASA Earth
Observatory, UNISYS). Hence, their Rossby numbers are

% 204km /h 120
Rocioni = - ~ 77, Rosam ™ ——p——— ~ 12,
0Goni = TaQgsing  100km x 2 x 2 sin 30° oA 500 2% sin 35°
(1.3)

respectively. Since the Rossby number for Atsani is much smaller than the one for Goni, it is
more affected by the planetary rotation. Nevertheless, the trajectories of the two typhoons
are mostly influenced by the trade winds (northeasterly) around ¢ = 10° — 25° and by the
westerlies around ¢ = 25° — 40° as seen in figure 1.3b.

Vortices are also found in the oceans. The circular structure in the middle of figure 1.4 is a
vertical cross-section of an anticyclone, called Mediterranean eddy (Meddy) which is formed
by the salty water flowing from Mediterranean sea to Atlantic ocean. The image has been
obtained by seismic reflection. The quantity displayed is the acoustic reflectivity which is a
measure of temperature variations. Meddies are generally observed in mid-Atlantic ocean
(see bottom left map in figure 1.4). The horizontal extension of these eddies is around
50-100km long and the thickness is about 1km (Richardson et al., 2000). Their lifetime is
up to 2 years (Armi et al., 1989; Hobbs, 2007). The Rossby number of this Meddy is about
0.3 — 0.7 (Hua et al., 2013). Figure 1.5 shows another example of eddy in East/Japan sea.
The velocity distribution of warm core Ulleung eddy is depicted in figure 1.5a on April 1993
(Shin et al., 2005). This eddy is formed by the encounter of the warm (from south) and
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Figure 1.5: (a) Horizontal current velocities (cm/s) and (b) vertical temperature (°C) dis-
tributions of East/Japan sea on April 1993. Images from Shin et al. (2005).

cold (from north) currents flowing along the Korea peninsula. Both warm and cold core
eddies can be generated. Once generated, they are trapped in Ulleung basin just below the
Ulleung island. Figure 1.5b shows the temperature distribution in a vertical cross-section
of the Ulleung eddy at lattitude 37°. The diameter of this eddy is 150—170km and its
maximum depth is about 300m. They can live up to 3 years (Shin et al., 2005). Compared
to Meddies, this eddy exists near the surface of the ocean. The Rossby number of this
Ulleung eddy is about 0.2. Studying the dynamics of these eddies are also very important
because they can transport energy, pollutant and mix the oceans. As these eddies stir the
oceans, they sometimes draw nutrients up from the deep, fertilizing the surface waters to
promote blooms of phytoplankton in the open ocean (McGillicuddy et al., 2007; Lehahn
et al., 2011; Kim et al., 2012). Figure 1.6 shows an anticyclonic eddy found under South
Africa. This eddy is detached from Agulhas current, which flows along the south eastern
coast of Africa and around the tip of South Africa. Agulhas eddies are known to transport
warm, salty water from the Indian Ocean to the South Atlantic (Bryden et al., 2005). Due
to its different properties from the surrounding water, the phytoplankton blooms inside the
eddy make the eddy visible by the satellite.

As we saw from the examples, vortices in the atmosphere and ocean can exist over large
ranges of Rossby numbers. Their regimes of existence are summarized in figure 1.7 as
functions of Ro and F,. F, is the vertical Froude number F,, = U/NL,, where L, is the
typical height of the vortices. As seen in figure 1.7, F, varies only in a small range from
0(1071) to O(10).

1.2 Stability of vortices in stratified-rotating fluids

Because there are too many variables/parameters at play in the motions of atmosphere
and oceans, it is difficult to describe the mechanisms and physics involved in typhoons and
eddies. Hence, laboratory experiments and numerical simulations for simpler models are
developed to describe better these geophysical vortices. Instabilities are understood as one
of the key feature which materializes the emergence and disappearance of such vortices. In
this section, instabilities of vortices in stratified-rotating fluids are described. The vortices
are categorized as columnar and pancake vortices. Columnar vortex is a vortex whose
angular velocity only varies in radial direction while the one for pancake vortex varies both
in radial and vertical directions.
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Figure 1.6: Blooms of phytoplankton inside an anti-cyclonic (counter-clockwise) eddy peeled
off from the Agulhas Current, which flows along the southeastern coast of Africa
and around the tip of South Africa. Images from NASA Earth Observatory.
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Figure 1.7: Parameter regimes for atmospheric vortices and mesoscale oceanic eddies as func-
tions of Ro and F,. TS means tropical cyclones (Typhoons and hurricanes) and

MCYV is for mesoscale convective vortices. Images from Schecter & Montgomery
(2006).
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Figure 1.8: Instabilities on vortex pairs: side view of (a) Crow, (b) elliptic and (c) zig-zag
instabilities, and (d) oblique view of pancake vortices generated by the zig-zag
instability. Images are reproduced from Leweke & Williamson (2011), Meunier
& Leweke (2001) and Billant & Chomaz (2000), respectively.

1.2.1 Columnar vortices

The stability of a single columnar vortex has a long history and it can be unstable to various
instabilities such as centrifugal, shear, radiative and Gent-McWilliams instabilities. When
two columnar vortices are close from each other: Crow, elliptic and zig-zag instabilities
are found. In this section, a brief introduction and the instability criteria for different
instabilities occurring in columnar vortices are discussed.

For an interacting vortex pair, Crow and elliptic instabilities are found for homoge-
neous fluids (see figure 1.8a,b) (Leweke et al., 2016). Crow instability is a long-wavelength
instability which occurs in aircraft wakes (Crow, 1970; Widnall et al., 1971; Leweke et al.,
2016). This instability only exists for a counter-rotating vortex pair (Jimenez, 1975; Klein
et al., 1995; Leweke et al., 2016). In contrast, elliptic instability is a short-wavelength in-
stability and it develops for both counter- and co-rotating pairs (Leweke & Williamson,
1998; Meunier & Leweke, 2005; Leweke et al., 2016). An example of elliptic instability on
a co-rotating vortex pair is shown in figure 1.8b (Meunier & Leweke, 2001). Streamlines
are elliptic due to the strain exerted by the neighboring vortex. The resonance of Kelvin
waves with the strain destabilizes the vortex (Moore & Saffman, 1975; Tssai & Widnall, 1976;
Kerswell, 2002; Le Dizes & Laporte, 2002; Leweke et al., 2016). When the flow is strati-
fied, Crow and elliptic instabilities only exist in weakly stratified fluids and are stabilized in
strongly stratified fluids (Billant & Chomaz, 2000; Otheguy et al., 2006; Billant et al., 2010;
Leweke et al., 2016). Instead, Billant & Chomaz (2000, 2001), Otheguy et al. (2006), Billant
(2010) and Billant et al. (2010) have shown that co- and counter-rotating vortex pairs in
stratified and stratified-rotating fluids can be unstable to the zig-zag instability (see figure
1.8¢c,d). The zig-zag instability is triggered in stratified fluids because the self-induction is
positive while it is negative in homogeneous fluids. As a result, the columnar vortex pair is
sliced into thin pancake vortices (see figure 1.8d).

For an isolated vortex, centrifugal instability occurs when the balance between the cen-
trifugal force and the pressure gradient is disrupted: when the angular momentum of the
fluids decreases with radius 7 in inviscid fluids (Rayleigh, 1917). This condition has been
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generalized to rotating fluids by Kloosterziel & van Heijst (1991) as

= (f/2+Vo/r)(f+¢) <0, (1.4)

where Vp is the velocity of the vortex and ¢ = 1/rd(rVp)/0r the vertical vorticity. Fig-
ure 1.9 shows example of the centrifugal instability in lab experiments (Fontane, 2002) and
numerical simulations (Smyth & McWilliams, 1998). As can be seen, the centrifugal insta-
bility is 3D instability with a large vertical wavenumber k. The criterion (1.4) has been

l\
1

Figure 1.9: Vertical side view of the centrifugal instability in (a) laboratory experiment
(Fontane, 2002) and (b) numerical (DNS) simulation (Smyth & McWilliams,
1998).

extended to stratified fluids by Billant & Gallaire (2005). They found that the growth rate
w; of the centrifugal instability is proportional to v/—® and the stratification stabilizes only
small vertical wavenumbers. In the case of baroclinic vortices, further generalizations of the
Rayleigh criterion are discussed by Solberg (1936) and Eliassen & Kleinschmidt (1957) by
considering the energy difference when two particles at two density levels are exchanged.
Let us consider a particle at radius r; and height z; with density p; and velocity Vi, and
a particle with density py and velocity Vo at (re, z2) in a rotating frame with a uniform
angular velocity f/2. The initial total energy E; of the two particles are the sum of kinetic
K FE and potential PE energies

1
b, =KE+ PE = ipo(Vf + VQQ) + g(p121 + p222). (1.5)

Because we are under the Boussinesq approximation, the reference density pg is used for
kinetic energy but not for potential energy which is associated with the gravity term. After
the exchange, the velocity of each particles are changed to V4 — Vi and Vo — Var and the
total energy Ey is

1
Ef=KE+PE= ipo(fo +V5y) + glprza + p21). (1.6)

The conservation of total angular momentum gives Uy 5 = r1/r2Uy and Uag = r2/r1Us where
U =Vi+rif/2,Uy=Va+12f/2, Uiy = Viy +rof/2 and Usp = Vay +r1f/2. The flow is
unstable if the energy after the exchange is smaller than initially: Ey — E; < 0. Assuming
that Ar =r9 —r < land Az = 29 — 21 <€ 1,

_Op dp
p2 —pP1 = EAT’ + %AZ, (17)
o(r?u? a(r2U?
r2U2 — r2U% = (Tar JAr+ (ré?z JAz. (1.8)
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Hence, the total energy difference AE = Ey — Ej is

2
190U)" _ 29 @az - 2@902 poAT?, (1.9)

AE = =
r Or po Or po 0z

where x = Az/Ar and the thermal wind relation has been used: 1/rdU?/0z = —g/poOp/0r.
When = = 0, we recover Rayleigh criterion (1.4) and when x — oo the condition for gravita-
tional (static) instability. Even if these two criteria are not satisfied, i.e. 1/r20(rU)%/0r > 0
and dp/0z < 0, (1.9) can be negative for some value of = when

100U 10(rU)2%  [(2v 2V ov %
Foar e o\ ) CEN T ) g <0 (L10)

This condition can also be expressed in terms of the potential vorticity IT as (Hoskins, 1974),

1oV +rf/2)?  [(2V II
®= = p_<r+f>§g’<0’ (1.11)
where
1= (Z+ fe:)-Vp, (1.12)

where Z is the relative vorticity. Hence, the centrifugal instability is expected when the
absolute circulation decreases with the radius along isopycnal surfaces for some radius.

Shear instability is a 2D Kelvin-Helmholtz instability developing because of the radial shear.
The necessary condition for the shear instability is the existence of an inflection point r;
(Rayleigh, 1880):
d¢(rr)
dr

Figure 1.10 shows the example of the shear instability view from top (Chomaz et al., 1988)
and the numerical result (Carton & Legras, 1994). The radius where sharp changes occur
corresponds to inflection radius ;. Gent & McWilliams (1986), Carton & McWilliams
(1989), Carnevale & Kloosterziel (1994) and Orlandi & Carnevale (1999) showed that the
minimum azimuthal wavenumber m for the shear instability is m = 2 and when the steepness
of the base flow increased, the shear instability destabilizes at larger azimuthal wavenumbers
m. Also, the growth rate for the shear instability is maximum when the vertical wavenumber
k is zero. Deloncle et al. (2007) found for parallel flow that the growth rate depends on kF},
in the presence of stratification.

=0. (1.13)

Recent studies have shown that columnar vortices can also be unstable to a radiative in-
stability in stratified rotating fluids (Smyth & McWilliams, 1998; Schecter & Montgomery,
2004; Billant & Le Dizes, 2009; Le Dizes & Billant, 2009; Riedinger et al., 2010, 2011; Park
& Billant, 2012, 2013). This instability is specific to stratified fluids and occurs due to the
over-reflection of inertia-gravity waves, coming from the vortex core, at the critical radius
r. where m€Q(r.) = w with Q the angular velocity and w the frequency of the wave. When
the incident wave reaches the critical radius, some portions of the wave are reflected back
and other portions are transmitted. The transmitted waves have negative momentum so
that the reflected waves have larger momentum than the incident one in order that the
total momentum is conserved. As a result, the waves grow with time (Takehiro & Hayashi,
1992; Park, 2012). The necessary conditions for the radiative instability are: there exist two
turning points r; where w(ry2) = wep+ wWhere wep+ are epicyclic frequencies defined as

weps = mS £/ (F+O(f +29). (1.14)

10
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Figure 1.10: Horizontal view of the shear instability in (a) laboratory experiment of a soap
film (Chomaz et al., 1988) and (b) numerical simulation of an isolated vortex
(Carton & Legras, 1994).

Figure 1.11: Vertical side view of experimental results of the radiative instability from a
rotating cylinder in stratified fluids. Image from Riedinger et al. (2011).

Also, the critical radius 7. should lie between the two turning points 74 < r. < 14 (Le Dizes
& Billant, 2009; Park & Billant, 2012, 2013). The radiative instability is most unstable when
the fluid is strongly stratified and non-rotating. As the background rotation increases, its
growth rate decreases and vanishes for strongly stratified and rapidly rotating fluids. Figure
1.11 shows an example of the radiative instability observed in the flow around a rotating
cylinder in stratified fluids (Riedinger et al., 2011).

Finally, Gent & McWilliams (1986) evidenced that a columnar vortex in stratified-rotating
fluids can be unstable to an internal instability (here we call it Gent-McWilliams instability)
which bends the vortex with finite axial wavenumber k for azimuthal wavenumber m = 1
(see figure 1.12 (Smyth & McWilliams, 1998)). Gent & McWilliams (1986) have shown that
in the quasi-geostrophic limit, when the steepness of the base flow is as steep as the Carton
& McWilliams (1989) vortex with the angular velocity profile Q = Qg exp(—r?), the Gent-
McWilliams instability dominates the shear instability. A necessary condition for the Gent-
McWilliams instability in quasi-geostrophic fluids is the Rayleigh ¢/(r) > 0 and Fjortoft
criteria. Smyth & McWilliams (1998) have shown the effect of F}, and Ro on this instability
for some ratios of Fj, and Ro: F},/Ro = 00,0.5,0.005 and 0. When Ro is in the centrifugally
stable regime, the Gent-McWilliams instability is the most unstable. Flierl (1988) has
explained the mechanism of the Gent-McWilliams instability by considering a vortex with
piecewise vorticities in quasi-geostrophic fluids. The behaviour of such vortex can be fully
described analytically as shown by Flierl (1988). Here, we provide extended explanations
of the work of Flierl (1988) on the mechanism of the Gent-McWilliams instability. The
vortex is composed with three levels of vorticity in radial direction: for r < 1, the potential
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. \. -

Figure 1.12: Vertical side view of numerical (DNS) simulation of the Gent-McWilliams in-
stability. Image is reproduced from Smyth & McWilliams (1998).

vorticity is q1 +¢o; for 1 < r < b, the potential vorticity is go; for » > b the potential vorticity
is zero. Since the sign of two vorticities (¢1 and g2) should be opposite for instability, the
sign of outer vorticity is considered negative g2 < 0. The base velocities at r = 1 and b are
V(1) and V (b), respectively. By looking at the perturbationa of the two boundaries (r = 1
and 7 = b), we can explain the instability. In Flierl (1988), the small perturbations are
represented as 7 in the vicinity of » = 1 and 7 near » = b. The dynamic and kinematic
boundary conditions give in quasi-geostrophic fluids

I V)P =T (kK (k)1 2 + b1 (k)K (kb)g2 2, -
e+ T Gr = 10 (k)Ky (kb)qr 93 + Ty (kb) Ky (kb) 295

where I; and K; are modified Bessel functions of first and second kind of order 1, respectively.
Since perturbations are proportional to exp(if —iwt) + c.c., we can express 1 and 7 in terms
of displacements in the x and y directions in the form

n = Axjcost + Ay sin, } (1.16)

T = Axgcosf + Ayssinf,

where the time dependence is contained in (Ax;, Ay;). Because the vorticities are constant,
the velocities are V = (g2 + q1)r/2 for r <1 and V = qor/2 + q1/(2r) for 1 < r < b. If we
non-dimensionalize time such that ¢; + g2 = 2, i.e. V(1) = 1, the velocity at 7 = b becomes
V(b) = q2b/2 + (1 — g2/2)/b. Substituting (1.16) into (1.15) gives

O0A
8:1 + (1 = T1(k)K1 (k) (2 — q2))Ayr = bly (k)K1(kb)q2Aya, (1.17)
O0A
(9tyl — (]_ — 11 (k‘)Kl(k’)(Q — (p))AIEl = —bIl(l{I)Kl (k‘b)QQAZEQ, (118)
0Axs 1 @ @ 1
ot + (bQ 92 + Cll Iy (kb)Ky (kb)QZ> Ays = 511 (k)K1(kb)(2 — g2) Ay, (1.19)
OAYs I @ @ 1
8t - <b2 - ﬁ + 5 - Il(kb)Kl(kb)q2> A.%'Q = _BIl(k)Kl(kb)(Q - QQ)AI'L (120)

Considering the case V(b) = 0 corresponding to an isolated vortex then b? = (g2 — 2)/qo.
Expanding the Bessel functions for small k£ and expanding (1.17)—(1.20) in terms of mean
displacements (Az1+ Axe, Ay; + Ays)/2 and relative displacements (Ax1 — Azg, Ay; — Ays9)

12
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Figure 1.14: Top view of the piecewise vortex at plane A in figure 1.13. (a) The initial
displacements at ¢ = 0 of the inner contour is Az; and the outer contour is
Azy in the same direction. (b) The displacements generated by the initial
displacements after small time passes. (c) The resulting positive feedback on
displacements in the = directions. Dotted lines indicates the vorticity contours
at t = 0.

give
W — —o(Ay1 — Ago) + K2 [Qu(Ay1 + Ago) + Po(Ays — Ayo)],  (1.21)
‘Myl(;tFAy?) = @2(Az1 — Azo) — k? [Qn(Az1 + Azg) + Po(Axy — Axy)], (1.22)
O(A””la;m??) = k2 [(Qn + é) (Ay1 + Ayz) + Qn(Ays — Ayz)} : (1.23)
W = —k? [(Qn + ;) (Azy + Aza) + Qn(Azy — sz)] : (1.24)
where
0, — q21; 2. (1 B q22> , (1.25)

P, = % [(2 — o) (‘;m (1 _ qi) 420, + 1) _ 1} , (1.26)

where C, = =1+ 27, —2In2+ 2Ink.

Figures 1.13 and 1.14 show schematic drawings of the contours of the piece-wise vorticity
of the columnar vortex. Dashed lines are for the vortex at rest and solid lines are when the
vortex is disturbed with a small vertical wavenumber k. First, let us consider the cross-
section A. Assume that we give small displacements of Az; and Az in the same direction
(say, Azy = Azy > 0) with & < 1 while there are no displacement in the y direction
(Ay; = Ays = 0) (see figure 1.14a). Equation (1.22) and (1.24) give the resulting velocity
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in the y direction as

0(Ay1 + Ays)

= = —k2Qn(Azy + Axs), (1.27)
W _ g (@n + ;) (Azy + Ay). (1.28)

Since g2 is negative, @, defined in (1.25) is also negative and (1.27) implies a positive mean
velocity in the y direction. Hence, after time At, the mean y displacement is positive:
(Ay1 + Ayz)/2 > 0. Next, the sign of (@, + 1/8) in (1.28) is also negative for any negative
g2. The left hand side of (1.28) is then positive meaning that Ay; — Ays > 0. Since @Q,, <
Q@ +1/8, this indicates that Ay; > Ays > 0 as depicted in figure 1.14b. These two different
y displacements generate vorticity anomalies in the core as marked as @ and & in figure
1.14b. As indicated by (1.21), these anomalies result in positive z mean velocity d(Azy +
Az9)/2/0t > 0 further translating the vortex from the initial position as depicted in figure
1.14¢. The same reasoning can be applied to the motions in the cross-section B in figure
1.13. Therefore the initial bending perturbations grow. In summary, for an isolated vortex in
quasi-geostrophic fluids, bending perturbation with a small wavenumber grows. Although,
this discussion explains qualitatively the mechanism of destabilization of the bending mode,
it is limited to quasi-geostrophic fluids and the role of the criterion ’(r) > 0 discussed
by Gent & McWilliams (1986) is unclear. In contrast, Reasor & Montgomery (2001) and
Reasor et al. (2004) found that certain type of vortices are stable to bending perturbations. A
vortex whose vorticity gradient is negative ¢'(r.) < 0 at a critical radius r. where Q(r;) = w
tends to align back vertically when it is subjected to long-wavelength disturbances due to
the damping at the critical radius (Briggs et al., 1970; Schecter et al., 2002; Schecter &
Montgomery, 2003). In inviscid fluids, this stabilization process is understood from the
conservation of total angular momentum (Schecter et al., 2000, 2002). Although Schecter
et al. (2002) and Schecter & Montgomery (2003) focused on the stabilization mechanism
when (’(r.) < 0, they predicted that an instability should occur if the weak outer vorticity
gradient at the critical layer is positive ¢’(r.) > 0 in strongly stratified and rotating fluids. In
chapter 3, we shall prove by means of long-wavelength stability analyses of the bending mode
of columnar vortices in stratified rotating fluids that the source of the Gent-McWilliams
instability is a critical layer with positive vorticity gradient.

1.2.2 Pancake vortices

For vortices with finite thickness, several stability analyses have taken the pancake shape into
account by means of models with several uniform layers within the shallow-water or quasi-
geostrophic approximations. Baey & Carton (2002) have shown the generation of multipoles
in two-layer rotating shallow water. Baroclinic instability occurs for small Burger number
and cyclones turned out to be more unstable than anticyclones. Benilov (2003) studied a
vortex which is confined in a thin upper layer in a quasi-geostrophic two-layer model. He
found that the baroclinic instability which occurs in the lower layer and both layers is due
to the positive gradient of potential vorticity at the critical layer. Lahaye & Zeitlin (2015)
investigated the centrifugal instability of an anticyclone in two-layers shallow water. They
have shown that the asymmetric centrifugal instability is dominant when Ro is small and
m = 2 barotropic instability dominates for very small Ro. Saunders (1973) and Griffiths &
Linden (1981) experimentally studied vortices in two-layers rotating fluids. Figure 1.15a,b
show the top and side views of a cone shaped vortex and figure 1.15¢ shows the side view
of a pancake or lenticular shaped vortex in a stratified rotating fluid. They are generated
by two different methods: first, a cylinder which contains homogeneous fluids with density
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Figure 1.15: (a) Top and (b) side view of a cone-shape vortex and (c) pancake vortex. Images
from Griffiths & Linden (1981).

Figure 1.16: Top view of (a) tripolar and (b) triangular vortices. Images from Flér & van
Heijst (1996).

p1 is located in the center of a rotating tank filled with heavier fluids with density ps.
When the cylinder is removed, a cone shaped vortex develops with time. For the pancake
shaped vortex in figure 1.15¢, a uniform density fluid is injected into a linearly stratified
fluid. They found that both types of vortex are unstable to finite azimuthal wavenumber
disturbances. For the cone-shape vortices, the most amplified azimuthal wavenumber is
inversely proportional to the square root of the Burger number which is defined as Bu =
g'h/f2R? where ¢ = g|lp1 — p2|/p1, h is the height and R the radius of the cylinder. The
layering above and beneath the vortex in figure 1.15¢ is due to Mclntyre instability caused
by the differences between the diffusivity £ and the kinematic viscosity v. Verzicco et al.
(1997) numerically reproduced the experimental results of Griffiths & Linden (1981) and
found that the initial instability is driven by baroclinic instability. Thivolle-Cazat et al.
(2005) extended the study of Griffiths & Linden (1981) with a much larger rotating tank
and observed that baroclinic instability occurs due to initial cyclogeostrophic adjustment
process and re-appears later as classical baroclinic instability as found by Griffiths & Linden
(1981).

Flor & van Heijst (1996) conducted an experimental study of a pancake a vortex in a linearly
stratified non-rotating fluid. They found that disturbances with azimuthal wavenumber
m = 2 or m = 3 are unstable when the Froude number F' = Vijux/NRymax is larger
than F' > 0.1, where Viax is the maximum velocity, N the Brunt—Vaisala frequency, and
Rymax the radius of the maximum azimuthal velocity. They also showed that the nonlinear
evolutions of the instabilities: formations of tripole (m = 2) and dipole splitting, are similar
to those for two-dimensional vortices. Some differences come from the faster decay rate of
the satellites compared to the core. Bonnier et al. (2000) and Beckers et al. (2001) studied
the density structures in pancake vortices. Bonnier et al. (2000) investigated vortices in
the far-wake of a towed sphere. The density field inside the vortices shows a pinching of
the isopycnals in order to satisfy the hydrostatic and cyclostrophic balances. Beckers et al.
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Figure 1.17: Vertical density profiles measured in the center of a monopolar vortex, (a)
before the injection, (b) after the injection. Images reproduced from Beckers
et al. (2001).

(2001) found similar isopycnal deformations experimentally and numerically. Figure 1.17
shows the vertical density profiles of the flow before (figure 1.17a) and after (figure 1.17b)
generation of the pancake vortices. The density perturbation is due to the cyclostrophic
and hydrostatic balances which are given as

Vi 10
Cyclostrophic balance : £ — ——p, (1.29)
r po Or
: g 1 9p
Hydrostatic balance : - =pp=——=. (1.30)
Po po 0z
These two equations yield the thermal-wind relation
o (V2 0
ove/r) _ 9 0 (1.31)

0z po Or

where Vjp is the azimuthal velocity of the vortex, p; the density perturbation relative to the
unperturbed background linear density profile. As can be seen in (1.31), the vertical gradient
of the base velocity determines the radial density gradient. Beckers et al. (2001) explained
this balance mechanism of the vortex. When the base density is deformed without azimuthal
velocity as depicted in solid lines in figure 1.18a (p, # 0 and Vy = 0), the restoration of
the isopycnals will induce a radially inward flow. A temporary circulation is then formed
as indicated by the arrows. On the other hand, when there only exists the velocity but no
density perturbations as in figure 1.18b (p, = 0 and Vy # 0), the centrifugal forces result
in the cyclostrophic adjustment and consequently, the isopycnals will be deformed (dashed
lines) (Beckers et al., 2001).

Hedstrom & Armi (1988) generated a stable pancake vortex by well controlled injection of
the fluids. They showed that the aspect ratio and the velocity fields of the generated vortex
are in good agreement with the prediction by Gill (1981). Recently, Aubert et al. (2012) and
Hassanzadeh et al. (2012) extended the work of Gill (1981). The density gradient inside the
vortex has influence on the aspect ratio of the vortex while Gill (1981) has not considered
it. They found a universal law for the aspect ratio of pancake vortices: it is proportional
to the square root of (Ro(1 + Ro)/(N? — N2)) where N. is the Brunt—Viisili frequency in
the vortex core. They showed experimentally and numerically that this law holds not only
for freely decaying pancake vortices in laboratory but also for planetary vortices (Aubert
et al., 2012; Hassanzadeh et al., 2012). Lazar et al. (2013a,b) investigated the stability of
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Figure 1.18: (a) Schematic drawing of the circulation pattern induced by the buoyancy force
Fyuo due to the release of a density perturbation. (b) Schematic drawing of the
circulation pattern due to the centrifugal force F. in a vortex that is initially
not in cyclostrophic balance. Images from Beckers et al. (2001).

a vortex in a linearly stratified shallow layer numerically and experimentally. They showed
the stabilization of the axisymmetric centrifugal instability when viscosity and stratification
are present. Recently, the global stability of a pancake vortex in continuously stratified and
rotating fluids has started to be investigated. The studies are either in the non-rotating limit
(Beckers et al., 2003; Negretti & Billant, 2013) or in the quasi-geostrophic limit (Nguyen
et al., 2012; Hua et al., 2013). For stratified non-rotating fluids, Beckers et al. (2003)
showed the stability of a vortex with angular velocity € =exp(—r9 — 22/2a?) in terms of
q, Re and I, where ¢ is the steepness parameter and « the aspect ratio fixed to o = 0.3.
Beckers et al. (2003) performed 3D nonlinear numerical simulations of azimuthally perturbed
vortices using the Navier-Stokes equations under the Boussinesq approximation in order to
retrieve the most unstable mode. They observed five types of nonlinear evolution of the
unstable mode depending on Re, ¢ and F': shielded monopole (no instability), weak tripolar,
compact tripolar, noncompact tripolar and dipole spliting. The vortices tend to be shielded
monopole when ¢ < 4 and Re ~ 500. When Re and ¢ are increased, weak, compact and
noncompact tripolar vortices are observed. For large Re > 5000 and g > 5, dipole splitting
is observed. The instability is similar to the shear instability of two dimensional vortices
with the most unstable azimuthal wavenumber increasing with the steepness parameter ¢
(Carton & Legras, 1994). When ¢ = 2, they found that the vortex is stable. Negretti &
Billant (2013) have conducted a linear stability analysis of a pancake vortex with a Gaussian
vorticity profile. They found that the vortex is unstable to gravitational instability when
the aspect ratio « is small such that «/F} < 1.1. The gravitational instability occurs
when the total vertical density gradient is positive dp;/0, > 0, i.e. when the isopycnals
are overturned (see figure 1.19). They have not observed the shear instability as Beckers
et al. (2003) because the vorticity gradient does not vanish for a Gaussian vorticity profile.
Nguyen et al. (2012) have performed numerical stability analyses of a pancake vortex with
a Gaussian angular velocity in a continuously quasi-geostrophic fluid. They have shown
that the pancake vortex is unstable to baroclinic and barotropic instabilities depending on
the Burger number. They distinguished the instabilities as symmetric (figure 1.20a,b) and
anti-symmetric (figure 1.20c) modes with respect to z = 0 (Nguyen et al., 2012). When
Bu = (aRo/2Fy)? is very small as Bu < 0.05, the m = 3 baroclinic mode is dominant,
when 0.05 < Bu < 1, the m = 2 baroclinic mode is the most unstable and for Bu > 1, the
m = 1 barotropic mode becomes the most unstable one. The potential vorticity extrema of
the unstable modes are localized near the critical level where w, = m$Q(r.) when Bu < 1
showing that the critical layers play an important role as discussed by Benilov (2003). In
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Figure 1.19: (a) Vertical profiles of the base density of gravitationally unstable (dashed line)
and stable (solid line) vortices. The dotted line indicates the background den-
sity stratification N2. (b) Vertical velocity perturbation Re(u,) of the gravita-
tional instability. The dotted lines delimit the regions where the total vertical
density gradient of the base state is positive. Images from Negretti & Billant
(2013).

Figure 1.20: Streamfunctions of the symmetric baroclinic instability for (a) m = 2 and (b)
m = 1 for Bu = 0.3 and (c¢) m = 1 anti-symmetric barotropic instability for
Bu = 2. The thick solid line indicates the critical level where w, = mQ(r.).
Images from Nguyen et al. (2012).

contrast, when Bu > 1, the potential vorticity extrema are located near the vortex core
(Nguyen et al., 2012). Hua et al. (2013) performed three-dimensional numerical simulations
of pancake vortices in quasi-geostrophic fluids. They found that the nonlinear evolution of
the azimuthal wavenumber disturbances lead to layering near the critical layers.

Because the essential difference between columnar and pancake vortices is the baroclinic-
ity of the vortex, the baroclinic instability is discussed briefly. The baroclinic instability
has been first studied in parallel flows in the quasi-geostrophic limit (Eady, 1949; Charney,
1947; Phillips, 1954). The potential energy stored in the inclined isopycnals are converted to
kinetic energy by the instability (Vallis, 2006). A necessary condition for the baroclinic in-
stability is that the potential vorticity gradient changes sign somewhere in the flow (Charney
& Stern, 1962; Vallis, 2006). For more complex flows, a generalization has been proposed
(Eliassen, 1983; Hoskins et al., 1985; Ménesguen et al., 2012): the potential vorticity gradient
along isopycnals changes sign

OI| oI omge

EP—E— 82%' (1.32)
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1.8. Goals of the thesis
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Figure 1.21: (a) Experimental setup used to study the baroclinic instability, (b) horizontal
temperature distribution in vertical cross section when the tank is rotating
and (c) top view of regular waves. The colors in (a) indicate the horizontal
temperature gradient when the tank is at rest. Images are reproduced from
Hide & Mason (1975).

Hide & Mason (1975) reviewed the experimental observations of the baroclinic instability in
rotating annulus. The density gradient is created by the horizontal temperature differences
between two cylinders as seen figure 1.21a. The inner cylinder has a radius a and a uniform
surface temperature T, while the outer cylinder has a radius b and a temperature 1. An
example of the temperature distribution when the tank is rotating is shown in figure 1.21b.
Due to the thermal-wind relation the isopycnals (here it is only a function of temperature) are
inclined. Depending on the temperature differences, the height and the radii of the cylinders,
symmetric, regular and irregular waves can be observed. Figure 1.21c shows the top view of
a regular wave (Hide & Mason, 1975). They have applied the Eady model to their baseflow
by assuming that the radii of inner and outer cylinders are similar and that all bounding
surfaces are rigid. They found that the instability only occurs for Burger number smaller
than a critical Burger number: Bu = 2gd[p(T,) — p(Ty)]/(p(T, + Tp) f2(b — a)?) < Bueis

where
B = (1)’ !
Yot =\ 7 ) m2+ 20— a)/7(b+a)2’

The maximum value is about 0.6 when m = 1. Ménesguen et al. (2012) have studied the
stability of a jet in rotating stratified fluids for small and intermediate Ro. When Ro is
small, baroclinic and barotropic instabilities are found as in quasi-geostrophic fluids and
when Ro is large ageostrophic instabilities occur. Legg et al. (1998) and Molemaker &
Dijkstra (2000) observed the baroclinic instability in cold-core surface eddies. The growth
rate of the baroclinic instability is maximum at finite azimuthal wavenumber m.. It is stable
for m = 0 and large m (Molemaker & Dijkstra, 2000).

(1.33)

1.3 Goals of the thesis

In this thesis, the stability of both columnar and pancake vortices will be studied. The main
goals are to answer the following questions:

For columnar vortices
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Chapter 1. Background and motivations

e What is the destabilization mechanism of the Gent-McWilliams instability when the
flow is not quasi-geostrophic? Will the Rayleigh and Fjortoft necessary conditions
hold for arbitrary Rossby and Froude numbers?

e What is the general condition for the Gent-McWilliams instability for different types
of vortices?

e Why does this instability only exist in the presence of both stratification and rotation
as shown by Smyth & McWilliams (1998)?

For pancake vortices

e Only few studies exist on the stability of pancake vortices in continuously stratified
rotating fluid. Will the instabilities that are found for columnar vortices like centrifu-
gal, shear, radiative and Gent-McWilliams instabilities also exist in pancake vortices?
If so, how will they be affected by the pancake shape?

e What are the different instabilities specific to pancake vortices?

e What is the difference between the stability of pancake vortices in stratified non-
rotating fluid and quasi-geostrophic fluids? Can we draw a stability map as a function
of Rossby and Froude numbers to link these two limits?

e What are the critical Froude and Rossby numbers for each instability?

To answer these questions, the thesis is organized as follows. In chapter 2, the problem is
defined and the numerical methods are introduced. In chapter 3, the stability of the m =1
Gent-McWilliams instability is studied numerically and theoretically in terms of Ro and
Fj, for various types of columnar vortices. The stability of pancake vortices in stratified
non-rotating fluids is presented in chapter 4 and the study of the effect of Ro is continued
in chapter 5. The conclusions and the perspectives are presented in chapter 6.
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PROBLEM FORMULATION

In this chapter, the governing equations and the methodology are presented. The Navier-
Stokes equations under the Boussinesq approximation are linearized and the perturbations
are assumed to be normal modes with azimuthal wavenumber m. For the columnar vorterz,
the wvertical perturbations are also reduced to normal modes with vertical wavenumber k.
For inviscid flows, shooting methods are used and Chebyshev spectral collocation method is
used in the presence of viscosity. For the pancake vortices, the governing equations are dis-
cretized with finite element methods using FreeFEM++. The generalized eigenvalue problem
is solved using external libraries such as SLEPc and PETSc. Leading eigenvalues are found
by an iterative Krylov-Schur method and shift-invert spectral method. The code is validated
against results obtained by different methods. The convergences are presented in terms of
the meshing parameters.

Contents
2.1 Stability problem . . . ... ... o o 22
2.2 Numerical methods for columnar vortex . . . . . . ... ... ... 23
2.3 Numerical methods for pancake vortex . . .. ... ... ... .. 26
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Chapter 2. Problem formulation

2.1 Stability problem

2.1.1 The base state

We consider as base flow a vortex with only azimuthal velocity uy(r,0,2) = [ur, ug, u;| =
[0, Vp(r, 2),0] in cylindrical coordinates (r,0,z). The angular velocity is Gaussian in both
radial and vertical directions

Vo(r, 2)
r

T2 22
ZQ@w)ZQw_GﬁWQ, (2.1)

where R is the radius, A the half thickness of the vortex and 2y the maximum angular
velocity. The total pressure and density are decomposed as follows:

Pt = Po +]3(z) +pb(r7 2)7 (22)
pt = po + p(z) + pu(r, 2),

where the values with the subscript 0 are reference values, those with a bar indicate the
mean vertical profiles and those with a subscript b correspond to the perturbations due to
the base flow. The Euler equations under the Boussinesq approximation in the radial and
vertical directions are

rQ? + frQ = oo O (2.4)
g 1 Op
gy = 2.
pOpt 00 827 ( 5)

corresponding to cyclostrophic and hydrostatic balances, where f is the Coriolis parameter
(considered constant) and g the gravity. Combining (2.4) and (2.5) gives the thermal-wind
relation:

o(r? + frQ) 9 9p

- TS (2.6)

Hence, the base density deformation p is given by
po (R’
wiri) = =2 (1) @+ pa (27)
g \ A
Figure 2.1 shows the base angular velocity Q and vertical vorticity ( = 1/rd(rVp)/0r.
Figure 2.2 shows the isopycnals for different values of f for fixed Brunt-Vaisala frequency

and aspect ratio @« = A/R. Due to the thermal-wind relation (2.6), the base density field
becomes strongly deformed when |f]| is large.

2.1.2 Linearized equations

The vortex is perturbed by infinitesimal perturbations (denoted with prime) of velocity
u' = [ul, up, u,], pressure p’, and density p’ as

u’(r? 9; Z) =up + u' = (07 T’Q(T’, z)v 0) + (u;w u/97 u/z)7 (2'8)
p=p+7, :
p=pitp. (2.10)
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2.2.  Numerical methods for columnar vortex
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Figure 2.1: (a) Base angular velocity © (2.1) and (b) vertical vorticity (.

The perturbations are written as normal modes in the azimuthal direction
[ul, up,uly, p', 0] = [ur(r, 2), ug(r, 2), us(r, 2), %p(r, 2), pop(r, z)]e WM Lce o (2.11)

where w = w, 4+ iw;, w, the frequency, w; the growth rate and m the azimuthal wavenumber.
We consider that m is positive since negative wavenumbers can be recovered by the symme-
try: w(m) = w*(—m). Under the Boussinesq approximations, the linearized Navier-Stokes
equations are

—i(w—mQ)u, — (2Q+ flug = —% +v <V2ur - %2“" - iimug) (2.12)
—i(w—mQug + (¢ + flu, + agfuz = —iTmp +v (V2ue - %ue + Tiimw) (2.13)
—i(w —mQ)u, = —% —p+vViu, (2.14)
—i(w—mQ)p + p‘qoaaf:]ur + pg()aalz)uz = N2u, + kV?p (2.15)
12 L 2 o

where N = \/—g/podp/dz is the constant Brunt—Véiséld frequency, v the viscosity and k
the diffusivity of the stratifying agent. The problem is governed by five non-dimensional
numbers: aspect ratio («), Froude number (F},), Reynolds number (Re), Schmidt number
(Sc¢), defined as follows:

o QoR2 v

= W, Ro = 7, Re P Sc = E (217)

In this thesis, we keep Sc¢ = 1 for simplicity and to avoid the viscous-diffusive instability
(McIntyre, 1970).

2.2 Numerical methods for columnar vortex

When a = oo, the base flow is only function of radial direction

Q= Qe "/ (2.18)
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Chapter 2. Problem formulation

Figure 2.2: Total density contours as a function of background rotation Ro = 2Qg/f: (a)
Ro =5, (b) Ro = 0.67, (c) Ro = 0.33, (d) Ro = —0.2, (e) Ro = —1 and (f)
Ro = —5. Other parameters are fixed as a« = A/R = 0.5 and Fj, = 0.3. The
density fields (c¢) and (d) are gravitationally unstable dp;/9z > 0 in the regions
delimited by dashed lines. The dotted lines indicate the limits of the base vortex
as 2 = 0.1Q.

and the base density perturbation vanishes: p, = 0. The perturbations are then assumed
to be of the form & = £(r) exp(i(—wt + kz + mf)) where k is the vertical wavenumber and
¢ is any perturbation.

Inviscid flow When v = 0, (2.12) — (2.16) can be reduced to a single radial velocity equation
for ¢ = ru,

d?¢ 1 Qlde m?2 9 o ¢—8° m 2 2 Q B
i ala - erentam e (0 (o) Q) Je=e
(2.19)

where Q = m?/r? — k2F2s?/(1 — s*F?), s = mQ — w is the Doppler shifted frequency,
¢ = (2224 2/Ro)(¢ +2/Ro) is the Rayleigh discriminant, { = (1/r)d(rVp)/0r is the vertical
vorticity and Q = Vp/r is the non-dimensional angular velocity of the basic vortex. The
boundary condition at » = 0 is that the perturbations should be non-singular and decays or
propagates outward for » = oco. Hence, ¢ ~ r™ for r — 0 and (2.19) has solution for r > 1
as

o = Kun(Bkr) + mﬁerm_l(ﬁkr), (2.20)
R n
o= HD(Blkr) = o e B (k). (2:21)

with 82 = (4/Ro* — w?)/(1/F? — w?), where K,, is the modified Bessel function of order

m of the second kind and Hﬁff) is the Hankel function of order m of kind n. The solution
(2.20) ensures that the perturbation decays as » — oo except when w; = 0 and 82 < 0. In
the latter case, we use the solution (2.21) which describes an outward propagating wave, i.e.
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2.2.  Numerical methods for columnar vortex

a positive group velocity dw/dB > 0. Hence, n = 1 when w,(Ro?*/4 — F?) > 0 and n = 2
when w,(Ro?/4 — F?) < 0. When w; > 0, the asymptotic solution (2.20) corresponds also
to the solution which propagates outwards.

Equation (2.19) has been solved by a shooting method. The numerical integration is started
from a small radius 71 and a large radius r3 toward a radius 7 using the asymptotic solutions
of (2.19) and an initial guess for w. This leads to two couples of values at 7 : [p1(7), ¢} (rf)]
and [@2(7¢), ©h(ry)]. The value of w for which the Wronskian ya(r )¢} (rf) — @1(rg)@5(rs)
vanishes is then searched by an iterative scheme. The path of integration is deformed in
the complex plane in order to avoid the singular radii r. where s = mQ(r.) —w = 0 or
s = +1/F},. Since the vortex profiles studied have {'(r.) < 0, the path is deformed in the
upper complex plane in order that the inviscid solution be the proper limit of the viscous
solution (Lin, 1955; Le Dizes, 2004). Figure 2.3 shows an example a deformed integration

path r which is defined as
Q
r=a <1 - i5maar <1 - ;’;)) , (2.22)

where ¢ is a constant and x real.

0.02
0.01 [ .
= /\
E 0 %
= :
—001[ |
~0.02 Ly ‘ ‘ ‘
0 2 4 6 8 10

Figure 2.3: Integration path (2.22) in the complex plane (—) to avoid the critical radius
re (-++r) for ro = 20 and § = 0.05.

Viscous flow The stability problem (2.12)—(2.16) in the presence of viscous and diffusive
effects has been solved by a Chebyshev pseudo-spectral collocation method (Antkowiak &
Brancher, 2004). This code has allowed us to check the results of the shooting code and
the code for pancake vortices. The Chebyshev spectral collocation method allows to write
(2.12)—(2.16) in forms of the generalized eigenvalue problem

— iwBv = Lv, (2.23)

where v = [u,, ug, p|, L and B are the differential operators. The other variables u, and p
are obtained from v afterwards. The radial direction [—o0, o] is mapped to the Chebyshev
domain [-1, 1]. Since r is mapped to r = £00, no boundary conditions are needed for r = 0.
Here, we used algebraic mapping from the Chebyshev domain to the radial domain as in
Antkowiak & Brancher (2004); Fabre & Jacquin (2004).

25



Chapter 2. Problem formulation

2.3 Numerical methods for pancake vortex

2.3.1 Descriptions

For pancake vortices, only the viscous equations (2.12)—(2.16) are solved. The discretization
is done by finite element method and the generalized eigenvalue problem is solved. The code
has been developed by Garnaud (2012) and adapted to pancake vortices. Equations (2.12) —
(2.16) are discretized with finite element method using FreeFEM++ (Hecht, 2012; Garnaud,
2012; Garnaud et al., 2013). Velocity, density and pressure (i, p, p) are approximated with
(P2, P1, P1) elements, respectively (De Vuyst, 2013). The mesh is adapted to the base state
and refined around the vortex core. The domain is restricted to positive radius r = [0, Ryax]
and is set to 2 = [—Zmax, Zmax] along the vertical. Figure 2.4 shows an example of a
mesh adapted to the base angular velocity 2, the vertical density gradient dp,/0z and
the inflection point r; = v/2 where ¢/(r;) = 0. Since FreeFEM++ implements only weak
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Figure 2.4: Example of a mesh adapted to the base angular velocity €2, the vertical density
gradient dp,/0z and the inflection point r; = v/2 where ¢'(r7) = 0. The mini-
mum and maximum size of the elements are Sy, = 0.027R and Sp.x = 0.13R,
respectively. The number of triangle is 18452.

formulations, weak forms of (2.12) — (2.16) are used. For example, weak forms of a set of
partial derivative equations A(p,q) = 0 and B(p,q) = 0 are presented as

S(A(p, q)v1 + B(p, q)v2) = 0, (2.24)

where S is the domain of interest and vy and vy are arbitrary vectors called test functions.

To get the weak form, (2.12) — (2.16) are first multiplied by 72 to avoid any singularity at
r = 0 and then by the test functions vy, vy, v,, 7 and q, respectively. The weak form is then
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2.3. Numerical methods for pancake vortex

found as

15) 1 2
/ [iwur + imQu, (22 + flug — op +v (Vzur — Uy — imue> ]TQVr
g or r

r2
[ or(l i 1 2
+ |iwug +imQug — (¢ + fur — Luz - @p +v (Vg — Zug + imu, }7"2v0
. 0z r r2 r2
I 0
+ |iwu, + imQu, — 8—]: —p+ VVQUZ} r’v,
I 0 0
+ |iwp + imQp — iﬂur — iﬂuz + N?u, + HVZp} r2r
I po Or po 0z
r10 1
+ ais —imug + uz}ﬂq =0 (2.25)
r Or z

The Laplace operators are second order derivatives and can be reduced by integration by
parts using Green’s identity:

/V2uv = —/ VuVv + Vuvn, (2.26)
S 5 s

where n is the outward unit surface normal to 9S. The pressure gradient can also be reduced

as
/ r2Vpy = — / pV(rv) + / priv, (2.27)
S S oS
When v =0 on 05, (2.25) becomes

/ — wr? (U, vy + Uy 4 ugvy + pr) =
S

/ (72 fug — Vo (imu, — 2ug))vy — 72 ur% + uz% + fu, | +rVp(imug + u,) | vy
s or 0z

or 0z

— 2 a'Um aVr 9 aur aVr n 8ur
"oz 0: " or or " or
Ouy Ov Oug OV ou
220770 L 22070 ) 20 2 e
92 0z ' or or T or ¢ + (m* + 1)ugvy — 2imu,vy
2 auz 8Vz Qﬁuz sz 8uz

r——v, + m2uzvz

0z 0z " or Or + or
+ > (7‘2(9[)87— —1—7"2%& +r8p7+m2p7>>

— (r2p + r(Vogimu,))v, — <r2 <urapb + uz% — N2uz) + r‘/};imp) T

v + (m2 + Dupvy + 2imugvy

+r

Sc 0z 0z or Or or
Ov, Ovy i Oou, O, .
+pr (r 9z +7r or + 2vy — 1mve) —qr <r 9% +r or + ur + 1mu9> ] . (2.28)

FreeFEM++ write these equations in the matrix form
— iwBv = Lv, (2.29)
where v = [u,, ug, uz, p, p|. The matrices are sparse and the typical size of the matrices B and

L is about 10 x 106. Dirichlet boundary conditions are applied at 7 = Ryax and 2z = +Zyax
so that all perturbations vanish. The boundary conditions at r = 0 differs depending on the
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Chapter 2. Problem formulation
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Figure 2.5: (a) The shift-and-invert spectral transformation. Image is reproduced from Ro-
man et al. (2015). (b)An example of spectrum: frequency w, and growth rate w;
normalized to the maximum angular velocity of base vortex €2g. One unstable
mode (w; > 0) is found:+ shift-values; ® eigenvalues.

azimuthal wavenumber m (Ash & Khorrami, 1995; Batchelor & Gill, 1962),

m=0: Up = ug = 0,
m=1: u, =p=p=_0,
m>2: Up =Ug =U, =p=p=0.

The dirichlet boundary conditions can be implemented in two ways in FreeFEM++-. First,
the boundary condition is incorporated with penalty method by distributing large values
(10%%) at the boundaries (Hecht, 2012). In the code, boundaries are imposed directly to the
matrices by a command on, for example for m = 0:

on(4,u, =ug =0) +on(1,2,3,u, =up =u, =p=p=0), (2.30)

where the numbers are boundary labels. The bottom (z = —Zpax) is labelled 1 and the
numbers increases in the anti-clockwise direction. The boundary conditions are applied
directly to L and B. The second method is simply replacing the corresponding elements to
zero (Garnaud, 2012; Zienkiewicz & Taylor, 2000). This means the substitution of

Vpe = [UT7 u@auzapap]rl}; = 07 (231)

in (2.29). This is equivalent to reduce the number of equations and thus to reduce the total
number of unknown components (Zienkiewicz & Taylor, 2000). In FreeFEM++, boundary
matrix is saved in a separate file as BC. Then, the boundary condition is applied after loaded
in python as L, = BCTLBC and B,,.,, = BCTBBC. Since some components are deleted,
the node informations are re-designated. The advantage of this way of implementation is
that the boundary conditions for different azimuthal wavenumbers can be easily applied
without generating new meshes. If no boundary condition is specified, Neumann boundary
conditions are applied by

ou
—1 =0. 2.32
on |y, 0 (2.32)

Once discretized using FreeFEM++, L and B (and BC) are loaded in python. Python calls

the external packages to compute the eigenvalue problem throughout slepcdpy and petscdpy.
The eigenvalue problem is solved by an iterative Krylov-Schur method using the libraries
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2.3. Numerical methods for pancake vortex
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Figure 2.6: Growth rate w;/Qy and frequency w, /g spectrum for columnar (===) and pan-
cake (0) vortices for m = 1, Fj, = 0.05, Ro = 0.1 and Re = 1000.

SLEPc and PETSc and shift-and-invert spectral transformation is used: for a given shift
value o, the eigenvalues w which is near ¢ are found (Hernandez et al., 2005; Garnaud, 2012;
Garnaud et al., 2013; Balay et al., 2014; Roman et al., 2015):

(L +iwB) v = ¢v, (2.33)

where ¢ = 1/(w — o). Hence, ¢ is very large when w is near the shift value o. Once the
wanted eigenvalues ¢ have been found, they are transformed back to eigenvalues of the
original problem w = 0+ 1/¢ (see for example 2.5a for real eigenvalues). The eigenvectors v
remain unchanged (Roman et al., 2015). The number of eigenvalues computed for each shift
value is between 20 to 50 in this thesis. We used generally tens of shift values to capture
all the unstable modes. Spurious modes are eliminated by excluding non-repeated values
(varying by more than 1075) among several shift values. Figure 2.5b shows a spectrum
example. The shift-values are also shown as cross symbols. They are set only in the positive
w; and w, domain. There exist only one unstable mode. The library SLEPc and PETSc
enable MPI parallel computation by distributing CSR matrices to processors (Hernandez
et al., 2005; Garnaud, 2012; Garnaud et al., 2013; Balay et al., 2014; Roman et al., 2015).
The input and output data is saved as HDF5 file.

2.3.2 Validations

Two methods have been used to validate the code. One is to compare the 1D results for a
columnar vortex and the other is to compare to previous results on pancake vortices.

Comparison to columnar vortex Figure 2.6 shows the spectrum for a columnar vortex for
m =1, F, = 0.05, Ro = 0.1 and Re = 1000. Continuous line is for 1D code for Chebyshev
pseudo-spectral collocation method as described in §2.2. The discrete symbols are with the
present code with FreeFEM++ and SLEPc for the columnar profile (2.18). The vertical
limits for FreeFEM-++ have been set to large value Z,x = 120R and Ry.x = 5R. The
growth rates and the frequencies agree well.

Comparison to 3D pseudo-spectral method We have also validated the code against the
results of Negretti & Billant (2013). They have investigated the stability of a vortex with
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Figure 2.7: Growth rates obtained by Negretti & Billant (2013) using (4) and with the
present code (-©) as a function of aspect ratio « for azimuthal wavenumber (a)
m =0, (b) m=1and (¢c) m =2 for Fj, =1, Ro = oo and Re = 500.
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Figure 2.8: Vertical velocity perturbations Re(u.) (a) obtained by Negretti & Billant (2013)
and (b) with the present code for « = 0.85,m = 1,F;, = 1,Ro = oo and
Re = 500.

the angular velocity profile:

_,,,2 R2
1—e / esz/AQ

Q= Q (2.34)

r2
They have computed the most unstable mode by integrating (2.12)—(2.16) over a long time
by means of a pseudo-spectral code. The dominant mode for each azimuthal wavenumber is
obtained by a model decomposition. Figure 2.7 show a comparison the growth rate obtained
by the two methods as a function of the aspect ratio « for different azimuthal wavenumbers
m = 0,1 and 2. All the results agree well. Figure 2.8 shows the real part of the vertical
velocity perturbation Re(u,). The mode shapes are also in good agreement. The present
method is faster and allows to obtain not only the dominant mode, but also the weaker
unstable modes.

We also have compared the results to those of Nguyen et al. (2012). They used the quasi-
geostrophic equation and solved the eigenvalue problem by a QZ method. Figure 2.9 shows
a comparison of the modes for m = 2 and Bu = (Na/f)? = 0.3. The modes agrees well.
However, the growth rates are different: Nguyen et al. (2012) found that the growth rate is
w; = 0.012Q (taking into account their normalization) in the inviscid case while we found
w; = 0.00682 for Re = 10000. These differences might come from the resolution and viscous
effects.
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2.3. Numerical methods for pancake vortex
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Figure 2.9: Streamfunction perturbations Re(¢)) (a) obtained by Nguyen et al. (2012) (figure
5a in Nguyen et al. (2012)) for Bu = 0.3 and (b) the present code for Bu = 0.3
(a =0.5,m =2, F, = 0.15, Ro = —0.33) and Re = 10000.

2.3.3 Parameter dependency

The convergence of the growth rate depends on the size of the meshes as well as the domain
size. Here, we show the effect of these parameters. The main difficulties with the code come
from choosing right meshing parameters. For the sake of saving computing times, we want to
have a minimum number of meshes by choosing appropriate minimum and maximum sizes
of meshes and a minimum domain size but the eigenvectors should be well resolved. The
only way to achieve this is trials and errors. Here, some examples are shown. In addition,
since the code is parallelized, the effect of the number of processors on the computing time
is also discussed.

Effect of the size of meshes Figure 2.10 shows the effect of the mesh sizes on the maximum
growth rates for a = 0.5,m = 2, F), = 0.5, Ro = co and Re = 10000. Since the mesh is
adapted to the base flow, the mesh size is not uniform throughout the domain. The effects of
the maximum and minimum sizes are investigated separately. First, figure 2.10a shows the
growth rate as a function of minimum mesh size for two different ranges of maximum sizes:
Smax = 0.15R—0.2R and Spax = 0.05R—0.08R. When Syax is in the range of 0.15R—0.2R,
the growth rate varies with S,;, and becomes constant when S, < 0.005R. However, when
Smax 1s small (Spax = 0.05R —0.08R), the growth rate converges quickly and Sy, has little
effect on the growth rate. Figure 2.10b shows the effect of maximum size on the growth
rates for two different ranges Smin = 0.017R — 0.022R and Spin = 0.003R — 0.006R. In
both cases, the growth rates become constant when Spax < 0.2R. Hence, the maximum size
should be small enough. The size of meshes are kept in the ranges Spin = 0.006R — 0.01R
and Spmax < 0.15R. These values result in a number of triangles about 1-10% — 2 - 10°.

Effect of the domain size Depending on the control parameters, there exists different
modes. The domain size also has different effects on the spectrum of each type of modes.
Hence, the domain size is varied accordingly. In this section, we show some extreme examples
for which the domain size affects greatly the spectrum. Figure 2.11 shows different examples
of the effect of Ryax and Zyax on the spectrum for m = 2, o = 0.5, F, = 0.33, Ro = 0.4 and
Re =10000. The growth rate varies little with Ry,.x. However, when the vertical limits are
too small, the growth rate decreases significantly. Nevertheless, it saturates quickly when
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Figure 2.10: Growth rate w; /€ as a function of (a) minimum size of meshes Sy, for different
maximum size Spax Of the meshes: ¢ Spax = 0.15R — 0.2R and ¢ Spax =
0.05R—0.08R, and (b)the maximum size of Syax for different Syin: @ Spin =
0.017R — 0.022R and @ Sy,ijn = 0.003R — 0.006R for « = 0.5,m = 2, F}, =
0.5, Ro = oo and Re = 10000.
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Figure 2.11: Growth rate w;/Qq of shear modes as a function of (a) maximum radius Rpax
for Zmax = 5A and (b) maximum height Zpax for Rpax = SR for m = 2,
a = 0.5, F, =0.33, Ro= 0.4 and Re = 10000.

Zmax > 3A. The radial velocity perturbations are shown in figure 2.12 for two different
heights.

Now, figure 2.13a shows the effect of maximum radial size on the growth rates for Z,x = 5A,
m =2, a = 0.5, F, = 0.15, Ro = —8.3 and Re = 10000. The growth rate is large when
Rpax is small and stabilizes only when Ry > 15R. This is due to a slow decay of the mode
with 7. It bounds at the boundary when Ry ,x is not large enough as seen in figure 2.14.
However, as long as Rpyax is kept large, the vertical boundary limits have almost no effect
on the growth rate (see figure 2.14c). Hence, to resolve this kind of mode, a large Rpyax
is used. In fact only this particular set of parameters has required such large Rpax. For
similar eigenvectors but for different Ro and Fj, (Ro = oo and F}, = O(1)), the maximum
radius Rnax = 8R is sufficient to have a good convergence.

As shown from the two different examples, the required size of the domain differs depending
on the control parameters. Generally, the domain size is chosen as Ry.x = S8R — 20R and
Zimax = DA — TA.
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Figure 2.12: Radial velocity perturbations Re(u,) for different maximum height Zpax: (a)
Zmax = 2\ and (b) Zpax = 5A for Ryax = 5R,a=0.5,m =2, F}, = 0.3, Ro =
0.4 and Re = 10000.
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Figure 2.13: Growth rate w;/{g of shear modes as a function of (a) maximum radius Rpyax
for Zmax = BA and (b) maximum height Zyax for Rpax = 20R for m = 2,
a =05, F, = 0.15, Ro = —8.3 and Re = 10000.

Rmax =i 8R

1z

o
~—
|

! ! ! ! ! ! ! 1
o 2 4 6 8 100 0 2 4 6 8 10

Figure 2.14: Radial velocity perturbations Re(u,) for different maximum radius Rmax: (a)
Rpax = 6R, (b) Rpax = 8R and (¢) Rmax = 15R for Zyax = 5A,a = 0.5,m =
2, Fp, = 0.15, Ro = —8.3 and Re = 10000.
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Figure 2.15: The speed-up (= typ=1/t) as a function of numbers of processor (np) for eval-
uating one shiftvalue.

Effect of number of cpu The code is parallelized with MPI. The time gain as a function
of the number of processors (np) has been studied (figure 2.15). The time is normalized
to the time when it is sequential (np= 1). The tested computer is named aplusbegalix.
Aplusbegalix has 40 cores of Intel(R) Xeon(R) CPU E7-L8867 @ 2.13GHz and 128GB of
shared memory. The speed-up saturates when np> 6. The computing time varies depending
on the matrix size. The typical time for matrices of size 10° x 105 for one shiftvalue is about
20min with 4 processors.
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STABILITY OF A COLUMNAR VORTEX
IN STRATIFIED-ROTATING FLUIDS

In stably stratified and rotating fluids, an axisymmetric columnar vorter can be unstable
to a special instability with an azimuthal wavenumber m = 1 which bends and slices the
vortex into pancake vortices (Gent € McWilliams, 1986). This bending instability, called
the “Gent-McWilliams instability” herein, is distinct from the shear, centrifugal or radiative
instabilities. The goals of the chapter are to better understand the origin and properties
of this instability and to explain why it operates only in stratified rotating fluids. Both
numerical and asymptotic stability analyses of several velocity profiles have been performed
for wide ranges of Froude number F, = Qo/N and Rossby number Ro = 2/ f, where
Qo is the angular velocity on the vortex axis, N the Brunt-Vdisdald frequency and f the
Coriolis parameter. Numerical analyses restricted to the centrifugally stable range show
that the mazimum growth rate of the Gent-McWilliams instability increases with Ro and is
independent of Fy, for Fy, < 1. In contrast, when F}, > 1, the mazimum growth rate decreases
dramatically with Fy. Long axial wavelength asymptotic analyses for isolated vortices prove
that the Gent-McWilliams instability is due to the destabilization of the long-wavelength
bending mode by a critical layer at the radius r. where the angular velocity ) is equal to
the frequency w: Q(r.) = w. A necessary and sufficient instability condition valid for long
wavelengths, finite Rossby number and Fy, < 1 is that the derivative of the vertical vorticity
of the basic vortex is positive at re: ('(re) > 0. Such a critical layer r. exists for finite
Rossby and Froude numbers because the real part of the frequency of the long-wavelength
bending mode is positive instead of being negative as in a homogeneous non-rotating fluid
(Ro = F, = o). When Fy, > 1, the instability condition {'(r.) > 0 is necessary but not
sufficient because the destabilizing effect of the critical layer r. is strongly reduced by a second
stabilizing critical layer r.o existing at the radius where the angular velocity is equal to the
Brunt-Vaisdla frequency. For non-isolated vortices, numerical results show that only finite
axial wavenumbers are unstable to the Gent-McWilliams instability.
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Chapter 3. Stability of a columnar vortex in stratified-rotating fluids

On the mechanism of the Gent-McW.illiams instability of a
columnar vortex in stratified rotating fluids

Eunok Yim and Paul Billant
LadHyX, CNRS, Ecole Polytechnique, F-91128 Palaiseau Cedex, France
(Published in J. Fluid Mech. (2015), 780, 5-44)

3.1 Introduction

Vortices can be subjected to many instabilities in stably stratified and rotating fluids be-
cause of their own structure or because of interactions with other vortices. If we exclude the
latter possibility by restricting the problem to the idealized configuration of a single vertical
columnar axisymmetric vortex, there are still several instability mechanisms that can disrupt
a vortex. The shear and centrifugal instabilities are not specific to a stratified rotating fluid
and have been well-known since Rayleigh (1880, 1917). The former is a two-dimensional in-
stability that can destabilize non-axisymmetric perturbations with azimuthal wavenumbers
m > 2 if the vertical vorticity derivative ¢’(r) vanishes for some radius r (Rayleigh, 1880;
Howard & Gupta, 1962; Carton & McWilliams, 1989; Carnevale & Kloosterziel, 1994). This
necessary condition is equivalent to the inflection point condition for parallel shear flows.
The centrifugal instability is intrinsically three-dimensional and most unstable for short axial
wavelength and axisymmetric perturbations m = 0 in inviscid fluids. The classical Rayleigh
criterion (Rayleigh, 1917) for the centrifugal instability can be extended to stratified rotat-
ing inviscid fluid (Kloosterziel & van Heijst, 1991; Billant & Gallaire, 2005) by replacing the
circulation by the absolute circulation, i.e. a necessary and sufficient instability condition
is that the square of the absolute circulation decreases for increasing radius, regardless of
the stratification. Even if the axisymmetric mode is dominant in an inviscid fluid, it should
be noted that non-axisymmetric modes can be the most unstable in viscous fluids owing to
the combined effects of stratification and viscosity (Billant et al., 2004) or confinement in
shallow layers (Lahaye & Zeitlin, 2015) which damp short axial wavelengths.

Recently, a different type of instability has been shown to occur specifically in vortices in a
stratified rotating fluid: the radiative instability Smyth & McWilliams (1998); Schecter &
Montgomery (2004); Billant & Le Dizes (2009); Le Dizes & Billant (2009); Riedinger et al.
(2010, 2011); Park & Billant (2012, 2013)). This instability is due to a coupling between
the waves sustained by the vortex and inertial-gravity waves in the surrounding fluid. The
mechanism of the instability can be interpreted as a wave over-reflection at the critical radius
where the azimuthal phase velocity matches the angular velocity of the base flow, a radius
which exists only for non-axisymmetric waves. The radiative instability is most unstable
when the fluid is strongly stratified and non-rotating. As the background rotation increases,
its growth rate decreases and vanishes in the quasi-geostrophic limit (strongly stratified and
rapidly rotating fluid). This regime pertains to large scale atmospheric and oceanic vortices
(See Schecter & Montgomery (2006) for a summary of the typical characteristics of various
geophysical vortices).

A fourth type of instability has been evidenced by Gent & McWilliams (1986) on vortices
with zero-circulation in quasi-geostrophic fluids. In contrast to the shear or centrifugal insta-
bilities, it is most unstable for a finite axial wavenumber and occurs only for the azimuthal
wavenumber m = 1. This instability bends and fragments the vortex into lenticular vortices

(Gent & McWilliams, 1986; Hua, 1998; Smyth & McWilliams, 1998). Gent & McWilliams
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(1986) called this three-dimensional instability “internal instability” as opposed to the “ex-
ternal instability”, i.e. the two-dimensional shear instability. Here, we shall call the internal
instability the “Gent-McWilliams instability” in order to distinguish it from the other types
of three-dimensional instability. The Gent-McWilliams (GMW) instability is the most dan-
gerous instability in quasi-geostrophic fluids for sufficiently steep vortex profiles such as for
example the Carton & McWilliams (1989) vortex (Gaussian angular velocity profile). Even
if the instability is three-dimensional, Gent & McWilliams (1986) have also shown that the
necessary conditions for the shear instability (Rayleigh and Fjortoft’s criteria) also apply to
the GMW instability in a quasi-geostrophic fluid.

Flier]l (1988) has shown that the GMW instability also occurs on vortices with a piecewise
profile with two levels of non-zero uniform vorticity in quasi-geostrophic fluids. A necessary
condition for instability is that (¢; — (,){, < 0, where (; and (, are the inner and outer
vorticities. This is equivalent to the condition that the vorticity gradient changes sign
between the two vorticity jumps. When the vortices are isolated (i.e. zero circulation),
the GMW instability is of a long-wavelength nature, i.e. its growth rate is positive as
soon as the axial wavenumber is non-zero. In contrast, only finite axial wavenumbers (i.e.
wavenumbers above a non-zero wavenumber cutoff) are unstable when the circulation is
non-zero. Flier]l (1988) has also provided a simple explanation of the instability mechanism.
Two different processes are involved: self-induced motion when the vortex is slightly bent
along the vertical, and two-dimensional advection by the vorticity anomalies generated when
the two vorticity contours are shifted relative to each other. This mechanism is illustrated
in figure 3.1 and explained in details in the caption.

Smyth & McWilliams (1998) have studied the stability of the Carton & McWilliams vor-
tex beyond the quasi-geostrophic regime. Most interestingly, they have shown that the
GMW instability exists only in presence of both stratification and rotation. However, this
observation remains unexplained. The Rayleigh and Fjortoft’s stability criteria (Gent &
McWilliams, 1986) indeed apply only to quasi-geostrophic fluids.

Hence, the main questions that we would like to address in this paper are: why does the
GMW instability occur only in stratified rotating fluids? And is it possible to derive an
instability condition valid for arbitrary rotation and stratification? These questions are
intimately linked to the preliminary question: what is the general mechanism of the GMW
instability? Even if a mechanism has been highlighted by Flierl (1988) for piecewise vorticity
profiles in quasi-geostrophic fluids, it is not straightforward to extend it to arbitrary rotation
and stratification and/or to continuous vorticity profiles.

Interestingly, Reasor & Montgomery (2001) and Reasor et al. (2004) have shown that certain
vortices in quasi-geostrophic fluids tend to align when they are tilted, i.e. a behaviour
opposite to the GMW instability. This alignment process has been attributed to a critical
layer damping of the bending mode when (’(r.) < 0, where r, is the critical radius where the
phase velocity of the wave w/m is equal to the angular velocity of the vortex Q(r.) (Briggs
et al., 1970; Schecter et al., 2002; Schecter & Montgomery, 2003). In viscous fluids, this
damping comes from viscous effects that smooth the singularity while in inviscid fluids, it
can be understood from the conservation of angular momentum (Schecter et al., 2000) or
wave pseudo-momentum (Schecter et al., 2002).

Even if they focus on the alignment process and vortex profiles for which ¢’(r.) < 0, Schecter
et al. (2002) and Schecter & Montgomery (2003) have also predicted theoretically for profiles
with a weak outer vorticity gradient that the critical layer should destabilize the bending
mode when (’(r.) > 0 in strongly stratified and rotating fluids. Such critical layer instabili-
ties were first reported in the case of the two-dimensional stability of vortices (Briggs et al.,
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Figure 3.1:

Mechanism of the GMW instability as explained by Flier]l (1988) for piecewise
vortex profiles in a quasi-geostrophic fluid. As sketched in (a), we consider a
columnar vortex with two levels of constant vorticity which is perturbed by
a long-wavelength bending perturbation. The solid and dotted lines show the
perturbed and unperturbed vorticity contours, respectively. The vorticity is as-
sumed positive in the core region and negative in the surrounding annulus. The
vorticity contours in the horizontal cross-section A are represented in (b). The
initial displacements of the inner and outer contours are chosen to be in the
positive z direction and equal (Az; = Axy > 0). Because of the self-induction,
the bent vortex will then rotate in the positive sense about its unperturbed
position. As indicated in (c), this leads to displacements in the positive y di-
rection (Ay; > 0,Ays > 0) in the cross-section A. However, the two contours
are not displaced by the same amount: the inner contour turns out to be more
displaced than the outer one (Ay; > Ay > 0). In turn, since the vorticity is
not of the same sign in the inner and outer regions, this differential displacement
creates positive (@) and negative (©) vorticity anomalies. As sketched in (d),
this dipole of vorticity anomalies tends to further translate the vortex in the
positive x direction, i.e. in the same direction as the initial displacement. The
same reasoning can be applied to the motions in the cross-section B. There is
therefore a positive feedback which will make the initial bending perturbation
grow.
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1970; Le Dizes, 2000; Schecter et al., 2000) or parallel shear flows in shallow water (Balm-
forth, 1999; Riedinger & Gilbert, 2014). Schecter et al. (2002) and Schecter & Montgomery
(2003) did not make a connection with the GMW instability but subsequently Reasor et al.
(2004), while further studying vortex alignment, have also made a linear numerical simu-
lation for a different vortex profile which leads to an exponential growth of the vortex tilt.
Interestingly, Reasor et al. (2004) pointed out that the critical radius is located in the region
of positive vorticity gradient and they speculated on the possible link between the instabil-
ity observed by Gent & McWilliams (1986) on isolated vortices and a destabilization of the
bending mode by a critical layer when (’(r.) > 0 predicted by Schecter et al. (2002) and
Schecter & Montgomery (2003) for profiles with a weak outer vorticity gradient. Here, we
shall prove this conjecture by means of long-wavelength stability analyses of the bending
mode of columnar vortices in stratified rotating fluids.

Such a long-wavelength approach differs from the analyses of Schecter et al. (2002) and
Schecter & Montgomery (2003) where a formal expression for the growth rate was derived
under the assumption of a weak vorticity gradient at the critical radius and under quasi-
geostrophic or asymmetric balance approximations. These derivations are based on the
conservation of angular momentum or wave pseudo-momentum and are equivalent to the
perturbative approach of Briggs et al. (1970). The resulting formula shows that the growth
rate is of the same sign as the vorticity gradient at the critical radius if the vorticity gradient
is negative throughout the vortex core. However, this formula is implicit since it requires
prior knowledge of the eigenfunction and frequency of the mode in the vortex core. These
can be computed analytically only for the Rankine vortex. Furthermore, this formula cannot
predict formally the sign of the growth rate for the Carton & McWilliams vortex since the
vorticity gradient changes sign in the vortex core. It may be further noted that small
vorticity gradients are encountered for large radii for many vortex profiles, meaning that
the assumption of a weak vorticity gradient at the critical radius implies that the critical
radius should be large. This situation occurs for small frequencies, i.e. long-wavelength in
the case of the bending mode. Here, we shall use the long-wavelength assumption from the
outset and this will enable us to derive explicit analytical formula for the growth rate of the
bending mode for several vortex profiles, including the Carton & McWilliams vortex for any
finite Froude and Rossby numbers, i.e. beyond the quasi-geostrophic or asymmetric balance
regimes.

These asymptotic analyses will also allow us to understand why the bending mode can be
unstable only in stratified rotating fluid. The explanation can be anticipated from what
is known on the behaviours of the bending mode for a vortex with a non-zero circulation.
For such profiles, long-wavelength asymptotic analyses have shown that the bending mode
is neutral with a negative frequency in homogeneous non-rotating fluids (Widnall et al.,
1971; Saffman, 1992) whereas it is neutral with a positive frequency in stratified rotating
fluids when the Froude number is lower than unity: Fj, = Q¢/N < 1 (Billant, 2010), where
Qg is the angular velocity on the vortex axis and N the Brunt—Vaisala frequency. In the
latter case, a critical radius r. where w = Q(r.) thus exists, in contrast to homogeneous
non-rotating fluids. For a vortex with non-zero circulation, such a critical radius has no
effect in the long-wavelength limit in stratified rotating fluids because the derivative of the
vorticity gradient ¢’(r.) is negligible. In this paper, we will show that the critical radius r.
destabilizes the long-wavelength bending mode when (’(r.) is not negligible and positive.
Of course, the prerequisite will be that there exists a critical radius 7., i.e. the real part of
the frequency of the long-wavelength bending mode has to be positive.

Before carrying out these asymptotic analyses, we will conduct a numerical stability analysis
of the m = 1 azimuthal wavenumber for the Carton & McWilliams vortex. This analysis
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will allow us to extend the previous results of Gent & McWilliams (1986) and Smyth &
McWilliams (1998) on the GMW instability by showing the separate effects of the Rossby
and Froude numbers. In particular, we will show that the growth rate of the GMW instabil-
ity decreases as soon as the Froude number is larger than unity whatever the Rossby number.
These numerical results will also serve as a basis to check the asymptotic results. At the
end of the paper, the stability of other profiles that are not unstable in the long-wavelength
limit will be also studied numerically.

The paper is organized as follows: the general stability problem is described in §3.2. In
§3.3, the stability of the m = 1 azimuthal wavenumber is computed numerically for the
Carton & McWilliams vortex in stratified rotating fluids. In section 3.4, a long-wavelength
asymptotic stability analysis is first carried out for the Carton & McWilliams vortex. It is
shown that the frequency and growth rate of the bending mode are always positive for long-
wavelength in stratified rotating fluids while the bending mode is neutral with a negative
frequency in homogeneous non-rotating fluids. To investigate the role of the sign of {'(r.),
we next consider an angular velocity profile with the non-dimensional form Q =~ a,,/r?" for
large radius r, where a,, and n are positive constants. It will be proved that the critical
radius r. can destabilize or stabilize the long-wavelength bending mode when n > 1 and
n < 1, respectively. In section 3.5, the latter instability condition in the long-wavelength
limit is generalized to '(r.) > 0 for arbitrary angular velocity profiles with a weak vorticity
gradient (/. Using the numerical results of section 3.3 for the Carton & McWilliams vortex,
we further show that this instability condition turns out to be valid not only for small
vertical wavenumber but also for any vertical wavenumber. In section 3.6, the stability
of the m = 1 azimuthal mode is computed numerically for a family of profiles possessing
regions where ¢’ > 0 together with a non-zero circulation. In this case, we shall see that the
GMW instability occurs only for finite axial wavenumbers.

3.2 Problem formulation

We consider an axisymmetric vortex with velocity u(7,6,2) = [0,Up(#),0] in cylindrical
coordinates (7,0, 2) where Z is the vertical coordinate. The fluid is assumed incompressible,
stably stratified with constant Brunt—Vaisala frequency N and rotating about the vertical
axis at a rate f/2 where f is the Coriolis parameter. In the following, we non-dimensionalise
length by the radius of the vortex R and time by 1/Qg, where € is the angular velocity on
the axis. Quantities without a hat will denote non-dimensional variables.

The vortex is assumed to be perturbed by infinitesimal perturbations (denoted with a tilde)
of velocity [u,, Ug, .|, pressure p, and density p. Since the basic flow is axisymmetric and
uniform along the vertical, they are written as normal modes,

[ah Ug, Uz, Py [’] = [UT (T)v Ug (T‘), Uz (T)a p(T), p(r)]ei(k:z—&-me—wt) +c.c., (3'1)

where k is axial wavenumber, m the azimuthal wavenumber and w the frequency. We
consider that k& and m are positive since negative wavenumbers can be retrieved by the
symmetry: w(—k,m) = —w*(—k,—m) = w(k,m). Under the Boussinesq approximation
and in the inviscid limit, the linearized governing equations can be reduced to a single
equation for ¢ = ru,

e [1 Qldp [m? o, 5 ¢6—5* m /[, 2 2 Q

Sl S T 2 e Y X (AL (P (i =g =0, (3.2

dr? |:7"+Q:|d7" r2+ h1—32F}%+rs ¢ Ro—i_C 7"+Q 14 » (32)
where Q = m?/r? — kK2F2s*/(1 — s*F?), s = mQ — w is the Doppler shifted frequency,
¢ = (2Q2+42/Ro)(¢ +2/Ro) is the Rayleigh discriminant, ( = (1/7)9(rUy)/0r is the vertical
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vorticity and = Up/r is the non-dimensional angular velocity of the basic vortex. The
Froude number F} and Rossby number Ro

F==0  Ro=2=2 (3.3)

measure the effect of the stratification and rotation, respectively. The boundary conditions
impose that the perturbation is non-singular at » = 0 and decays or corresponds to a wave
propagating outward for r — oco. This implies that ¢ ~ ™ as r — 0 for m > 1. To impose
the outer boundary condition, we use the two following asymptotic solutions of (3.2) for
r>1

o = Ko (Bhr) + m(;iiRo)/Berm_l(ﬁkr), (3.4)
R n
o= HD(Blkr) = o e B (k). (3.5)

with 3% = (4/Ro* — w?)/(1/F? — w?), where K,, is the modified Bessel function of order m

of the second kind and H is the Hankel function of order m of kind n. The solution (3.4)
ensures that the perturbation decays as 7 — oo except when w; =Im(w) = 0 and 3? < 0.
In the latter case, we use the solution (3.5) which describes an outward propagating wave
if the kind is set to n = 1 when w,(Ro?/4 — F?) > 0 and n = 2 when w,(Ro*/4 — F?) <0,
where w, = Re(w). When w; > 0, the asymptotic solution (3.4) corresponds also to the
solution which propagates outwards.

Equation (3.2) has been generally solved by a shooting method. The numerical integration is
started from a small radius r; and a large radius 72 toward a radius 7 using the asymptotic
solutions of (3.2) and an initial guess for w. This leads to two couples of values at ry :
[p1(rf), 1 (rf)] and [@a2(r¢), ¢5(r¢)]. The value of w for which the Wronskian ¢a(r )¢ (rf)—
©1(r§)5(rf) vanishes is then searched for by an iterative scheme. The path of integration is
deformed in the complex plane in order to avoid the singular radius r. where s = mQ(r.) —
w=0or s = =+1/F,. Since the vortex profiles that will be studied have '(r.) < 0, the path
is deformed in the upper complex plane in order that the inviscid solution be the proper
limit of the viscous solution (Lin, 1955; Le Dizes, 2004).

The stability problem in the presence of viscous and diffusive effects has also been solved
by a Chebyshev pseudo-spectral collocation method (Antkowiak & Brancher, 2004). This
code has allowed us to check the results of the shooting code and to compute the structure
of the eigenmodes when critical layers are present since they are smoothed by viscosity
and diffusion. The Reynolds number is defined as Re = QyR?/v and the Schmidt number
as Sc = v/D, where v is the kinematic viscosity and D the molecular diffusivity of the
stratifying agent.

3.3 Numerical results for the Carton & McWilliams vortex

We first study numerically the stability of the azimuthal wavenumber m = 1 for the Carton
& McWilliams (1989) vortex whose non-dimensional angular velocity is
2

Q=e", (3.6)

The stability of this profile has already been analysed by Gent & McWilliams (1986) in
the quasi-geostrophic regime and by Smyth & McWilliams (1998) for finite Ro and Fj, but
only for some particular ratios: Fj/Ro = 00,0.5,0.005 and 0. Here, we shall investigate
separately the effects of F} and Ro.
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Figure 3.2: (a) Growth rate (w;) and (b) frequency (w;) as function of the vertical wavenum-
ber k for the profile (3.6) for m = 1 and Fj, = 1 for different Rossby numbers:
Ro=1—Ro=2 i Ro=3--- Ro=5—; Ro=10---. The horizontal
dotted line in (b) shows the cutoff frequency w, = 0.135.

Figure 3.3: Vertical vorticity of the most unstable eigenmode for the profile (3.6) for m =1
and (a) F, = 1,Ro = 1,k = 0.35, (b) F, = 1,Ro = 10,k = 100 and (c)
Fp, = 2,Ro = 1,k = 0.1. The dashed line represents the radius r = 1 where
the sign of the basic vorticity changes. Note that these eigenmodes have been
computed for a large but finite Reynolds number Re = 10° with Sc = 1 in order
to resolve the critical layer in (c).
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3.3. Numerical results for the Carton & McWilliams vortex

Figure 3.2 shows the growth rate and frequency of the azimuthal wavenumber m = 1 for a
fixed Froude number Fj, = 1 and several positive Rossby numbers from Ro =1 to Ro = 10.
The growth rate curves for Ro < 5 exhibit a bell shape as reported by Gent & McWilliams
(1986) and Smyth & McWilliams (1998). When Ro increases from Ro = 1 to Ro = 5, the
most amplified wavenumber increases and the maximum growth rate slightly increases. The
unstable wavenumber band also widens when Ro increases but, remarkably, it corresponds
to a fixed frequency range: 0 < w, < 0.135 (figure 3.2b). Note that the critical value 0.135
is very close to exp(-2). The reason for this will be seen in §3.5.

The vertical vorticity of the most unstable perturbation for Ro = 1 is shown in figure 3.3a.
It exhibits an inner dipolar structure surrounded by outer spiraling perturbations. The
inner and outer perturbations have a phase shift and are localized in the regions where
the basic vorticity ¢ is negative and positive, respectively. Thus, the perturbations will
tend to translate the positive and negative vorticity regions of the basic vortex in different
directions. This is a key feature of the mechanism of the GMW instability as discussed by
Flier]l (1988) and illustrated in figure 3.1.

For higher Ro, as exemplified in figure 3.2 by Ro = 10, the growth rate is no longer maximum
for a finite axial wavenumber k but increases monotonically with k (figure 3.2a). The
vertical vorticity of the eigenmode for large k is then strongly localized at a particular
radius (figure 3.3b). As shown by Smyth & McWilliams (1998), this corresponds to the
centrifugal instability which is most unstable for & — oco. Indeed, the minimum of the
Rayleigh discriminant ¢ = (2 + 2/Ro)(¢ + 2/Ro) is negative when Ro > exp(2) = 7.39.

For negative Rossby number, the centrifugal instability is also present when Ro < —1 since
min(¢) is negative. This can be seen in figure 3.4 where the growth rate and frequency
are displayed for several negative Rossby numbers at Fj, = 1. The growth rate increases
monotonically with &k for large k when Ro < —1, whereas for Ro > —1, the growth rate is
maximum for a finite wavenumber k. Interestingly, there are two distinct and independent
branches for Ro = —3 and Ro = —5 (figure 3.4): the GMW instability branch at low k
and the centrifugal instability branch at large k. As seen in figure 3.4b, the frequencies of
these two branches differ significantly. In contrast, for Ro = —10 and Ro = —15, the two
branches are merged into a single continuous one with similar frequencies. Remarkably, the
maximum frequency of the GMW instability branch is still w, = 0.135 independently of Ro
for Ro > —5 (figure 3.4b).

The effect of the Froude number for a fixed Rossby number Ro = 1 is now displayed in figure
3.5. The maximum growth rate is almost independent of the Froude number when Fj < 1
(figure 3.5a). The unstable frequency range also remains the same 0 < w, < 0.135 even if
the upper vertical wavenumber cutoff varies (figure 3.5b). However, when Fj, is increased
above unity, the maximum growth rate decreases abruptly and the unstable frequency range
shrinks. As illustrated in figure 3.3c, the vertical vorticity of the most unstable perturbation
for Fj, = 2 still exhibits a dipolar structure as for Fj, < 1, but there is an additional circular
region of rapid variation at a particular radius. This corresponds to a singularity of (3.2)
which occurs at the radius where s(re2) = 1/Fp, i.e. 1o = 0.8 for Fj, = 2. Since such a
critical layer singularity is regularized in the presence of viscous and diffusive effects, the
eigenmode in figure 3.3c has been computed from the linearized Navier-Stokes equations by
a Chebyshev pseudo-spectral method for Re = 10% and Sc = v/D = 1. In the next section,
we will show that the growth rate is strongly reduced when F} > 1 because of the damping
due to this critical layer.

The separate effects of the Rossby number for F, = 1 and the Froude number for Ro = 1
on the maximum growth rate are summarized in figure 3.6. In figure 3.6a, we see that
the maximum growth rate continues to decrease when the Froude number is large but it
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Figure 3.4: (a) Growth rate (w;) and (b) frequency (w;) as function of the vertical wavenum-
ber for the profile (3.6) for m = 1 and Fj, = 1 for different Rossby numbers:
Ro=—-05---; Ro=—-1—; Ro= -3 ; Ro= —5--- Ro= —10 —;
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The horizontal dotted line in (b) shows the cutoff frequency
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Figure 3.5: (a) Growth rate (w;) and (b) frequency (w;) as function of the vertical wavenum-
ber k for the profile (3.6) for m = 1 and Ro = 1 for different Froude numbers:
Fh = 0.25 --3 Fh = 0.5 — Fh =1 — Fh =15
horizontal dotted line in (b) shows the cutoff frequency w, = 0.135.
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3.4. Long-wavelength asymptotic analyses
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Figure 3.6: Maximum growth rate for the profile (3.6) for m = 1 as a function of (a) F}, for
Ro =1, and (b) Ro for F}, = 1.

remains positive even for the largest Froude number investigated: Fj = 20. The maximum
growth rate increases monotonically with Ro (figure 3.6b): it is approximately doubled from
Ro = —1to Ro=7.39. Only the Rossby number range: —1 < Ro < 7.39 is shown in figure
3.6b since outside this range, the vortex is centrifugally unstable. The centrifugal instability
is then dominant over the GMW instability (figures 3.2a, 3.4a) except close to the thresholds
Ro=—1 and Ro = 7.39.

Finally, the combined effects of Ro and F} on the maximum growth rate and the most
amplified wavenumber k of the GMW instability are depicted in figure 3.7. The effect of the
Froude number is the same independently of Ro: the maximum growth rate is independent
of Fy, for Iy, < 1 and decreases abruptly with Fj, when Fj > 1. The monotonic increase of
max(w;) with Ro is also observed whatever F}. The most amplified wavenumber has been
scaled by F}/|Ro| in figure 3.7b. With this scaling, we see that it varies little and is around
kEy,/|Ro| =~ 0.25 ~ 0.45 regardless of Fj, and Ro.

3.4 Long-wavelength asymptotic analyses

As seen in §3.3, the GMW instability for the Carton & McWilliams profile (3.6) starts at
k = 0, i.e. it is of a long-wavelength nature. For k = 0, an exact solution of (3.2) for
m = 1 which derives from the translational invariance is ¢ = r(€2 —w) (Michalke & Timme,
1967). Using this solution at leading order, the frequency and eigensolution of the azimuthal
wavenumber m = 1 can be computed for small wavenumber k& by means of an asymptotic
expansion. A similar asymptotic analysis has been performed in stratified rotating fluids for
vortices with non-zero circulation (Billant, 2010). Using the present non-dimensionalisation
and definition of F} and Ro (see section 3.2), the frequency has been found to be

mna (H0) [ (HB1) A ] o)

a?

up to order k2, where a = I'/(2rR2Q) with T' the dimensional circulation, 8y = 2F}/Ro
and 7, = 0.5772 is the FEuler constant. The constant § is given by

D(Zf(Fh)ROZ

0(F}y, Ro) = 1

+ rgéj(Fh)RO + @(Fh), (38)
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Figure 3.7: (a) Maximum growth rate and (b) scaled most amplified axial wavenumber
kFy,/|Ro| as a function of Fj, and Ro for the profile (3.6) for m = 1. The contour
interval is 0.002 in (a) and 0.007 in (b).
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with
fe’e) §3Q4
o (F, = ————d .
(Fh) A 1—Fﬂﬂ§’ (3.9)
[e’e) §3Q3
F = ————d 1
20 = [ e (310)
] 10 5392
2(Fn) = ngl_T)ﬂoo . wdf—ﬂi(%)a (3.11)
where . 5392
) = [ e (3.12)

where Q denotes the asymptotic form of € for large radius. For vortices with non-zero
circulation, we have 2 = a/r?, giving F3(no) ~ a?Inng for ng > +/F},. The factor a appears
in (3.7) because time is non-dimensionalised by 1/Qq instead of 2rR?/I" in Billant (2010).

The frequency (3.7) is purely real when F}, < 1 whatever Ro. When Fj, > 1, the integrands in
(3.9-3.11) are singular at the radius where Q(rq2) = 1/F},. This singularity is regularized in
the presence of viscous and diffusive effects and can be taken into account in the inviscid limit
by bypassing the critical radius in the upper complex plane. The constant § is then complex
with a negative imaginary part implying that the mode m = 1 is damped. Therefore, the
long-wavelength bending mode is at best neutral but never unstable when the circulation
is non-zero. However, the formula (3.7) breaks down when a = 0, i.e. when the angular
velocity does not behave as  ~ a/r? for r > 1. For this reason, specific asymptotic analyses
have been carried out for the Carton & McWilliams profile (3.6) and for a profile of the
form Q = a, /r2” for r > 1, where a, are n constants but n is different from unity. For
both profiles, two regions need to be considered in order to solve (3.2) asymptotically: an
inner region where r < 1/k and an outer region such that r > 1. However, the analysis for
each profile is different and so they are presented separately.

3.4.1 Carton & McW.illiams vortex

A specificity of the profile (3.6) concerns the location of the critical radius r. where Q(r.) =
w. When w < 1 and Q ~ a/r?, the critical radius is located at 7. ~ \/a/w. Hence, since
(3.7) shows that w = O(k?), we have 7. ~ O(1/k) meaning that r. is located in the outer
region. In contrast, the critical radius for the profile (3.6) is located at r. = v/ —lnw. If we
anticipate that w ~ O(k) for the long-wavelength bending mode of the profile (3.6), we can
deduce that the critical radius is located in the inner region: r. = O(v/—Ink).

This asymptotic problem is solved in detail in appendix 3.A and only briefly summarized
here. The inner and outer solutions are expanded in the form

¢ =0+ Fik*pa+ -, (3.13)

with @9 = 7(Q — w) in the inner region. Even if w will eventually be small, it is simpler
to consider it arbitrary to solve the inner problem. This is the reason why w appears in
the leading order inner solution ¢g. The expansion (3.13) is written in power of kF}, for
convenience since k always appears multiplied by F}, in (3.2). The second order inner solution
2 and the outer solution are computed in appendices 3.A.1 and 3.A.2. The behaviour of
the inner solution for small w and for > 1 is then determined in appendix 3.A.3. The
matching between the inner and outer solutions for 1 < r < 1/k and w < 1 is performed
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in appendix 3.A.4. This leads to the dispersion relation:

232 2 2
w? = ‘%250 —:% + :%(1 +imy) + :6 (277 — Qim) — 2;% +0 (éo,k%g 1n(k;50)>] ,
(3.14)
where 0 is the constant defined in (3.8) and v = sgn(w;). The terms inside the square
brackets in (3.14) correspond to an expansion in inverse power of 72 = —Inw. Several

orders have been computed since the series converges slowly for w < 1 because of the
logarithm. The complex terms iny/r? and —2imy/rS come from the presence of the critical
radius r..

The dispersion relation (3.14) is implicit since the critical radius depends on w. To determine
whether or not there exist any solutions, it is first convenient to consider only the first two
leading orders in 1/72:

2 _OKBE[ 1

1
—— 4+ —(1+1i . .1
+r4( + imy) (3.15)

w
2
2 rs 2

By writing w = pel® and § = pel®, the real and imaginary parts of (3.15) read

252

p*cos(20 — a) = ,uk2ﬂ0 (—ep+ 6%), (3.16)
252

p?sin(20 — o) = %ﬁosi(ﬂy —0), (3.17)

where e, = —1/In p < 1. Combining (3.16) and (3.17) gives
p P g g

tan(20 — o) = —e,(my — 0) + O(Ei). (3.18)
This relation is satisfied if
_a 9 S o — 2
6 = 5 + 5 1 (2my —a —qm) + O(ey), (3.19)

where ¢ is an integer. Inserting (3.19) into (3.16) then gives an implicit relation for p = |w|

 pk?B3
2

P (-1 (~¢p+ <2+ 0(D)), (3.20)
which can be satisfied at leading order only if ¢ is odd. Hence, the implicit dispersion
relation (3.15) can be solved explicitly at leading orders by first choosing a small value for p.
Then, the corresponding value of # and k can be obtained directly from (3.19) and (3.20),
respectively.

In order to exhibit the behaviour of the solutions, we first focus on the simplest case Fj, <1
for which there is no critical layer r.o where Q(r.2) = 1/F}, so that ¢ is purely real and
positive, i.e. o = 0. Then, (3.19) yields two solutions: 6 = 7/2 — e,m/4 for ¢ = 1 and
0 = —m/2+¢,m/4 for ¢ = —1. Other values of ¢ are not relevant since —m < 6 < w. The
dispersion relation (3.15) has therefore two solutions which are complex conjugates of each
other, one unstable and the other stable, which can be written in the form:

w=pe? =p [%ﬂ' + i} , (3.21)
w=p [%ﬂ' - i} . (3.22)

where p (and €, = —1/In p) is related to k through (3.20). The frequency w, is positive and
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Wy, Wi

Figure 3.8: Frequency w, (dashed lines) and growth rate w; (solid lines) predicted by (3.23)
(thick lines) and (3.24) (thin lines) as a function of a =arg(d) for a given value of
p = 0.01. The dotted line shows the critical value for which the solution (3.23)
disappears.

O(e,) smaller than the growth rate.

We now consider the case Fj, > 1 for which ¢ is complex with a negative imaginary part,
i.e. —m < a < 0 because of the critical layer r.o where Q(re) = 1/Fy,. In this case, the two
solutions (3.21) and (3.22) become at leading order:

. & « ( o & . CV)1| 9
w=p [—Sm—2 + 1 (m — «) cos 5 +1i(cos 5 + 1 (7T—0¢)sm—2 , (3.23)
.o g a ( a g . a)} 04
w=p [Sln 5 + 1 (m + «) cos 5 —il{eos g + 1 (m + «) sin 5)] (3.24)

where p can be still determined as a function of k by means of (3.20). The two solutions
are no longer complex conjugates of each other. If we consider a fixed value of p, the
relation (3.23), which is illustrated in figure 3.8, shows that the growth rate of the unstable
solution decreases when « decreases from zero meaning that the instability is damped by
the critical layer at r.o. From (3.19), we can deduce that the growth rate goes to zero (i.e.
6 = 0) when a ~ —m + e, (dotted line in figure 3.8). When o decreases further below this
critical value, (3.19) no longer has a solution for ¢ = 1, i.e. the solution (3.23) does not exist
anymore because the integration path has been assumed to be on the real axis. However, the
solution (3.23) could be continued by deforming the integration path in the upper complex
plane above the critical radius r.. The mode (3.23) would be then non-regular and damped
since the critical radius would be located between the integration path and the real axis.
In contrast, the stable solution (3.24) (thin lines in figure 3.8) exists in the whole range
—m < a < 0. The damping rate of this mode is reduced when « decreases and vanishes for
a = —m. Its frequency becomes negative as soon as o < —e,m/2.

Figure 3.9 shows « as a function of Fj and Ro. We see that a decreases and tends to
«a = —7 for large Froude number for any Rossby number. This decay occurs slower when
Ro is negative and moderate, i.e. —5 < Ro < 0. Hence, for a given value of ¢, = —1/1In |w|,
the growth rate of the unstable mode (3.23) should vanish for large Froude number when
a ~ —m + me,. This critical Froude number increases and tends to infinity since @ — —
as |w| decreases to zero. In other words, the instability should be totally suppressed only as
the Froude number tends to infinity.

However, it should be noted that the dispersion relation (3.14) (and (3.15)) is no longer

49



Chapter 3. Stability of a columnar vortex in stratified-rotating fluids

Figure 3.9: Contours of o = arg(d) as a function of Fj and Ro for the profile (3.6). The
contour interval is 0.3.

valid when Fj, = oo when Ro is finite. The behaviour of the inner solution for large radius
is indeed different in this case so that the matching performed to derive (3.14) breaks down.
Nevertheless, it remains valid when Ro = oo i.e. for a stratified non-rotating fluid and this
is considered in appendix 3.B. The evolution of the two solutions of (3.14) is studied as a
function of Fy. In particular, it is shown that in the limit F} = oo, there remains only one
solution with a negative and purely real frequency w as predicted by (3.23) and (3.24).

We now compare the prediction of the full long-wavelength dispersion relation (3.14) for the
unstable mode to the numerical results. Figure 3.10a shows the asymptotic and numerical
growth rates and frequencies for small Froude and Rossby numbers (Fj, = 0.1, Ro = 0.1)
approaching the quasi-geostrophic limit. We see that they agree but only in a limited range
of small wavenumbers: kF}/Ro < 0.05. This relatively rapid divergence is due to the fact
that the asymptotic dispersion relation (3.14) has been partly obtained as an expansion
in power of the parameter 1/r2 = —1/Inw. Because of the logarithm, this parameter can
actually be not very small even if w is small so that the convergence of the asymptotics is
slow. Other comparisons for finite Froude and Rossby numbers are displayed in figure 3.10b,
¢, d. The slopes of the frequency and growth rate at £ = 0 predicted by the asymptotics
agree with the numerical results for all the values of F}, and Ro investigated. As predicted by
(3.23), the growth rate remains positive for sufficiently small &£ even for the largest Froude
number investigated Fj, = 5 (figure 3.10b). We can see that the slope of the growth rate
is smaller than the one of the frequency in figure 3.10b,d in contrast to figure 3.10a,c. As
shown by (3.23) and figure 3.8,this occurs for a < —m/2, i.e. when F}, is sufficiently larger
than unity.

In summary, we have found that the azimuthal wavenumber m = 1 for the Carton &
McWilliams vortex (3.6) is always unstable in the long-wavelength limit for finite Ro when
Fp, < 1. Thus, even if the GMW instability is dominant only in the centrifugally stable
range —1 < Ro < 7.39, it exists for long-wavelengths outside this range of Rossby numbers.
When F}, is increased above unity, the GMW instability continues to exist in the long-
wavelength limit but is strongly damped by the critical layer where Q(r.2) = 1/F},. In the
limit Ro = F}, = oo, the long-wavelength bending mode is neutral with a negative frequency.
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Figure 3.10: Comparison (thick lines: wj;; thin lines: w,) between numerical results (solid

lines) and asymptotic results (dashed lines) for the profile (3.6) for m = 1 for
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3.4.2 Vortices with algebraic decay of the angular velocity

We now investigate an angular velocity profile which behaves like  ~ a,, /r?" for large radii,
where a,, and n are constants. This is the case of the profile

Q=1/(1+r%)", (3.25)

considered by Gent & McWilliams (1986). The interest in this class of profiles lies in the fact
that the vertical vorticity derivative ¢’ ~ 4a,n(n—1)/r?"*! for large radius can be positive or
negative depending on whether n > 1 or n < 1, respectively. This will allow us to highlight
the role of the sign of ¢’ at the critical radius r.. However, this asymptotic analysis can be
carried out analytically only when n = 1 + ¢ with |¢|] < 1, i.e. when ('(r.) is small. As
discussed earlier, Briggs et al. (1970), Schecter et al. (2002) and Schecter & Montgomery
(2003) also used this assumption to derive their expressions for the growth/decay rate due
to the critical layer. In contrast to section 3.4.1, the critical radius r. is located in the
outer region for small wavenumber since r, ~ (a,/w)'/?" ~ O(1/k'/™), where it has been
anticipated that w ~ O(k?) at leading order. This asymptotic analysis is carried out in
detail in appendix 3.C. It gives the frequency up to orders k? and ¢ in the form:

w=w® +ew® +0(e?), (3.26)

where

2
o () () )

2
2
w® =24, <kﬁo> [1 —E— 7. — a% +1n2 + In (k| Bol) <1 — 2% — ag +21H2>] , (3.28)

2 n n

and F is a constant defined by

70
® 4K?2 (Bokr) 2
E=1 ! d
o0 o T(1—w©72/q,) T B2n2
2w 1050
—21 142y 4+ —5—+In|[ —— . 2
n (1050) + 27 + PR + n< 1 ) (3.29)

The leading term w(® in (3.26) corresponds to (3.7). When ¢ is non-zero and Fj, < 1, all
the terms in (3.26) are real except the constant E. As seen in (3.29), this constant can
indeed be complex since the integrand is singular at the critical radius where (r.) — w® =
an/r? — w©® = 0. Assuming that the integration path in (3.29) is deformed in the upper
complex plane since ' (r.) < 0, the imaginary part of E is then

E; = imag(F) = ma_1, (3.30)

with a_q the residue at r,
a_1 = —2K3(kBore). (3.31)
Hence, we see that F; is negative, implying that the growth rate w; = —6%1@253& /2 is

positive or negative when € > 0 or € < 0, respectively. Note that there also exists a
decaying mode when € > 0 which is the complex conjugate of the unstable mode. It can be
obtained by integration in the lower complex plane. This stable mode is regular since the
integration path can be deformed continuously from the real axis without encountering the
critical radius r., unlike the stable mode when ¢ < 0.
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When Fj, > 1, the additional critical radius (r.2) = 1/F}, is present as for the Carton &
McWilliams vortex (§3.4.1). Its effect appears again in (3.26) through ¢; the imaginary part
of the constant §. The destabilizing effect of the critical radius Q(r.) = w® when & > 0
is then in competition with the stabilizing effect due to r.o. Assuming that d; is small, the
growth rate is then at leading order

ank2ﬁ(2) i

Therefore, there will be an instability in the long-wavelength limit only when

i
é —ema_1 > 0. (3.33)

From (3.9-3.11), we can obtain

e, Ro 2
0; = m |:2Fh + 1:| Ff}? (3.34)
This shows that d; depends only on (F}, Ro) for a given velocity profile. In contrast, the
residue a_; depends also on kr. and therefore varies with (w(®), k). Thus, the condition
(3.33) depends on the four parameters (F},, Ro,w®), k). However, if we consider a very small
wavenumber k, we have from (3.27): w(® ~ —a, 82k? In(Bok/2)/2 at leading order for finite
Rossby and Froude numbers. This implies that kBore = kBoan/Vw©® ~ [—In(Bok/2)/2] /2
showing that kSyr. tends to zero as k tends to zero. Hence, we can estimate the residue as

a_1 = —2K3(kBore) ~ In (@“) . (3.35)

This shows that |a_1| tends to infinity when k vanishes. In contrast, (3.34) is independent of
the wavenumber. Therefore, if € > 0, we can deduce that for any finite Rossby and Froude
numbers, the condition (3.33) will be satisfied for sufficiently small wavenumber. In other
words, there should always exist an instability in the long-wavelength limit for finite Froude
and Rossby numbers as for the Carton & McWilliams vortex (§3.4.1). However, when either
Ro = oo or F}, = oo, the previous condition does not apply and it would be necessary to
carry out specific analyses for these limits. In the particular limit Ro = Fj, = oo, it is known
that the long-wavelength bending mode when n = 1 is neutral with a negative frequency
(Widnall et al., 1971; Saffman, 1992) as for the Carton & McWilliams vortex (appendix
3.B). Hence, no critical radius exists.

Figure 3.11 shows some comparisons between the predictions of (3.26) and numerical results
for the angular velocity profile (3.25) for n = 0.9 (a,c) and n = 1.1(b,d) for two Froude
numbers Fj, = 0.5 (a,b) and Fj, = 1.3 (c,d) for a fixed Rossby number Ro = 1. In each case,
a good agreement is found for small wavenumber. When Fj, = 0.5, there is an instability in
the long-wavelength limit when n = 1.1 (figure 3.11b) while the case n = 0.9 (figure 3.11a)
is stable since ¢ is positive and negative, respectively. When Fj = 1.3, the value n = 0.9
(figure 3.11c) is still stable. The value n = 1.1 for F}, = 1.3 (figure 3.11d) seems also stable
but if we examine on the small wavenumber region more closely, we see that the growth
rate is actually positive, as predicted by (3.33). The maximum growth rate is however very
small. When Fj, is increased further, the maximum growth rate continues to decrease but,
strictly speaking, it should remain positive for sufficiently small & when F}, is finite.
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Figure 3.11: Frequency w, (thin lines) and growth rate w; (thick lines) for m = 1 for the

profile (3.25), for n = 0.9 (a,c) and n = 1.1 (b,d) for F};, = 0.5 (a,b) and
F, =1.3 (c,d) for Ro = 1. The solid and dashed lines show the numerical and
asymptotic results, respectively. The insert in (d) displays a close-up view for
small kF},/|Ro|.
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3.5. General instability condition

3.5 General instability condition

The long-wavelength asymptotic analysis performed in section 3.4.2 can be generalized to
angular velocity profiles differing from the form Q = a,, /r2(1*+4) for large radius but still with
a weak gradient of vorticity ¢’ for large radius, i.e. Q = a,/r? +eQ1(r) so that ¢ = O(¢).
As shown in the appendix 3.C.6, the growth rate w; is then at leading order

ank®B3 [0 m¢'(ro) K3 (Kfore)

3 0 . (3.36)

W; =

Since §; < 0, a general necessary condition for instability of the bending mode in the long-
wavelength limit is that there exists a critical radius r. where Q(r.) = w with {'(r.) > 0
since € (r.) ~ —2a,/r? < 0. This instability condition is sufficient when F}, < 1 since §; = 0.
When Fj, > 1, it can be also sufficient if |§;|/a2 is smaller than the destabilizing term (last
term of (3.36)) as for the profiles considered in section 3.4.2. However, this depends on each
particular vortex profile and therefore the instability condition will not always be sufficient
for Fy, > 1.

When F}, < 1, i.e. 4; =0, the expression (3.36) closely resembles to the growth rate formula
derived for weak vorticity gradient at the critical radius by Schecter et al. (2002) under the
quasi-geostrophic approximation and Schecter & Montgomery (2003) under the asymmetric
and hydrostatic balance approximations. However, the formulas of Schecter et al. (2002) and
Schecter & Montgomery (2003) are implicit since they require prior numerical computation
of the eigenfunction and frequency for zero outer vorticity gradient. These formula can
become explicit only for the Rankine vortex profile with skirt (weak outer vorticity field)
for which an analytic solution can be found. In this case, these formula in the limit k£ < 1
become identical to (3.36). In contrast, (3.36) is always explicit for any vortex profiles with
small vorticity gradient at large radius. The critical radius is indeed given by r. = \/a,,/w(©)
where the frequency at leading order w(®) is given explicitly by (3.27). The formula (3.36)
is restricted to small wavenumbers k, however, the formula of Schecter et al. (2002) and
Schecter & Montgomery (2003) are also implicitly restricted to small wavenumbers since
the assumption of weak vorticity gradient at the critical radius applies when the critical
radius is large, i.e. when the frequency and wavenumber are small for the bending mode.
In addition, we emphasize that (3.36) is valid for any finite Froude and Rossby numbers
and, therefore, is not restricted to the regime of validity of the asymmetric and hydrostatic
balance approximations in contrast to the formula of Schecter & Montgomery (2003).

It is also worth noting that the instability condition ¢’(r.) > 0 is equivalent to the Rayleigh
and Fjortoft necessary criteria for instability in the case of a quasi-geostrophic fluid and
a vortex with a monotonically decreasing angular velocity (Gent & McWilliams, 1986).
Indeed, the Rayleigh criterion requires that there exists an inflection point r; where '(ry) =
0 while the Fjortoft criterion demands that ¢’ > 0 for r > r; and ¢’ < 0 for r < 7y
when Q'(r) < 0 for all ». Montgomery & Shapiro (1995) have extended these criteria
to flows under the asymmetric and hydrostatic balance approximations. In contrast,the
present asymptotic analysis and resulting instability condition are valid for any finite Froude
and Rossby numbers. However, their validity are restricted to small k and small vorticity
gradient ¢'(r.), in contrast to the Rayleigh and Fjortoft criteria.

In practice, we can show from the numerical results obtained for the profile (3.6)(section
3.3) that ¢'(r.) > 0 is a necessary condition for instability of the bending mode for any
vertical wavenumber and magnitude of ¢’(r.) for finite Froude and Rossby numbers. Figure
3.12a shows again the frequency and growth rate for Ro = Fj, = 1 for the profile (3.6)
(i.e. corresponding to the bold line in figure 3.2). The derivative of the vorticity at the
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Figure 3.12: Growth rate (—: wj;) and frequency, (—: w;) for the profile (3.6) for m =1
as a function of kF},/|Ro| for (a) Ro = F, = 1 and (b) Ro = 1, F, = 3. The
associated vorticity gradient ¢’(r.) (---) at the location of the critical radius
on the real axis re.

critical radius ¢'(r.,) is also plotted. Note that only the real part of 7. is considered since
the imaginary part of r. is small because w; is small. As seen in figure 3.12a, the growth
rate w; and (’'(r.-) are positive in the same range of vertical wavenumbers. Hence, the
cutoff wavenumber k.F},/|Ro| ~ 0.8 corresponds to the limit where ¢’(r.) = 0, i.e. when
the critical radius 7. becomes equal to the inflection point r; = /2. The maximum value
of the frequency corresponds therefore to w, = Q(r;) = 0.135, as observed in section 3.3.
Figure 3.13a, which shows the growth rate as a function of w,/Q(rr), confirms that the
GMW instability occurs if and only if 0 < w,/Q(r;) <1 for Fj, =1 for the different Rossby
numbers investigated: —0.5 < Ro < 5 for which only the GMW instability exists.

Figure 3.12b shows the growth rate and frequency for a Froude number larger than unity:
Fy, = 3. In this case, the unstable wavenumber band corresponds only to a portion of the
range where (’(r.-) > 0. This means that the instability condition ¢’(r.) > 0 is necessary
but not sufficient. As shown in figure 3.13b, the range of rescaled frequency w,/Q(rr) for
which the growth rate is positive is 0 < w,./Q(r7) < 1 only when F}, < 1. When F}, > 1,
the upper frequency cutoff is lower than Q(r;) because of the presence of the other critical
radius Q(re.2) = 1/Fy which is always stabilizing. This frequency cutoff decreases when
F}, increases but the asymptotic dispersion relation (3.14) has shown that the instability is
never suppressed for sufficiently small frequency w for finite F}, and Ro for the profile (3.6).

3.6 Non-isolated vortices

In the previous sections, we have considered vortex profiles that have been shown to be
unstable to the GMW instability only when their circulation is zero, i.e. when they are
isolated. However, this is not generic and it is possible to have profiles with a non-zero
circulation satisfying the GMW instability condition, i.e. a positive vorticity gradient for
some radius. The purpose of this section is to investigate numerically the stability of the
m = 1 azimuthal wavenumber for these vortices. To this end, we consider a family of vortices
with a non-dimensional angular velocity combining a Lamb-Oseen and a Carton-McWilliams
profiles:

1-— €_T2 2

Qr)=a +(1—a)e ", (3.37)

r2
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Figure 3.13: Growth rate as a function of the rescaled frequency w,/(r;) for m = 1 for
the profile (3.6) for (a) F, = 1 and Ro varying: Ro = —0.5---; Ro =1 —;
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Figure 3.14: (a) Vorticity profiles corresponding to (3.37) for different values of the param-
eter a =0:0.2: 1. (b) Critical Rossby numbers for the centrifugal instability
as a function of a.

where a is proportional to the non-dimensional circulation I' = 2ra. When a = 1, the
vortex is a pure Lamb-Oseen vortex while a = 0 corresponds to a pure Carton-McWilliams
vortex. The angular velocity on the vortex axis is independent of a owing to the non-
dimensionalisation. The corresponding vorticity ¢ is plotted in figure 3.14a for different
values of a in the range 0 < a < 1. As a increases, the negative minimum of vorticity is
reduced and disappears for a = 1. Accordingly, the domain of existence of the centrifugal
instability (i.e. ¢ = (22 + 2/Ro)({ + 2/Ro) < 0) varies with a: the upper critical Rossby
number increases from Ro. = exp(2) for a = 0 to Ro. = oo for a = 1 (figure 3.14b). In
contrast, the lower critical Rossby number remains Ro. = —1 regardless of a. As in section
3.3, we shall study the GMW instability only for the Rossby numbers that are centrifugally
stable.

3.6.1 Effects of the circulation parameter ¢ and Froude number F},

Figure 3.15 shows the growth rate and frequency of the azimuthal wavenumber m = 1 for
Fyp =1, Ro =1 for various values of the circulation parameter a. The most striking feature
is that the instability no longer starts at k = 0 when a is non-zero. The maximum growth
rate and the upper wavelength cutoff also decreases when a increases.
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Figure 3.15: (a) Growth rate and (b) frequency as a function of kF},/|Ro| for the profile
(3.37) for m =1 for Fj, = 1 and Ro = 1 for increasing value of a by step of 0.1.
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Figure 3.16: Comparison (thin lines: w,; thick lines: w;) between the numerical results (solid
lines) and the asymptotic frequency (3.7) (thin dashed lines) and growth rate
(3.36) (thick dashed lines) for the profile (3.37) for m = 1 for different values
of a for Ro=F;, =1: (a) a=0.3; (b) a=0.5; (c) a =0.8.

The stabilization of small wavenumber k£ comes from the fact that the angular velocity
now behaves like Q ~ a/r? for large r. Indeed, the critical radius 7. for a given small
value of w is much larger, r. = \/a/w, than for a = 0 for which r. = v/—Inw. This
implies that the vorticity gradient at 7. is O(e~%“w=3/2), i.e. exponentially small instead
of being O(w(Inw)3/?) for a = 0. Since the growth rate for small wavenumber k is directly
proportional to {'(r.) (see (3.36)), it remains exponentially small. The frequency and growth
rate are compared to the asymptotic frequency (3.7) and growth rate (3.36) in figure 3.16
for various values of a. The asymptotic frequency (3.7) and the exact frequency agree for
small k and then differ as soon as the growth rate w; begins to rise. Remarkably, the
asymptotic growth rate (3.36) also predicts well the lower wavenumber cutoff k. at which
the exact growth rate rises. However, it then quickly diverges. As seen in figure 3.16 and
3.15a, the lower wavenumber cutoff k. increases monotonically with a. This behaviour can
be understood from the fact that the growth rate becomes non-negligible when (’(r.) is no
longer exponentially small, i.e. approximately when r. ~ 3 whatever the value of a. Thus,
the corresponding frequency w. ~ a/r? increases linearly with a. Since the formula (3.7)
turns out to vary weakly when a varies (see figure 3.16), the corresponding wavenumber k.,
i.e. w(ke) = a/r?, increases with a.

Figure 3.17a further shows the growth rate as a function of the rescaled frequency w, /Q(r7),
where r; is the inflection point ({'(r;) = 0) determined for each value of a. This figure
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Figure 3.17: The growth rate w; as a function of the rescaled frequency w,/Q(ry) for the
profile (3.37) for m = 1 and for Ro = 1 for increasing values of a by step of 0.1,
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Figure 3.18: (a) Growth rate and (b) frequency as a function of kFj/|Ro| for the profile
(3.37) for m =1 for Fj, = 1.2 and Ro = 1 for increasing values of a by step of
0.1.

demonstrates that the growth rate vanishes when w, = Q(ry) regardless of a. Therefore,
the instability occurs only when (’(r.) > 0 as already observed for a = 0 in section 3.5.
The growth rate is however negligible for small rescaled frequency w,/Q(ry) because (’'(r.)
is then exponentially small as explained previously.

Figure 3.18 shows now the growth rate and frequency for a Froude number above unity:
Fy, = 1.2, still for Ro = 1. The trends when a increases are the same as for F}, = 1 (figure
3.15). The new feature is that the growth rate is negative for small k£ and then suddenly
increases as for Fj, = 1 but the maximum growth rate becomes positive only for a < 0.7.
Figure 3.17b shows that the upper wavenumber cutoffs for a < 0.7 correspond to the same
value of the rescaled frequency w,/Q(rr). This critical value is very close to the threshold
wyr/(rr) = 1 in contrast to figure 3.13b where the critical rescaled frequencies w,/(rr)
were clearly smaller than unity for a = 0. This difference comes from the fact that the
Froude number was larger in figure 3.13b, F}, > 1.5, than in figure 3.17b. Another difference
is that the growth rate is negative for small wavenumber (i.e. small w,/Q(rr)) in figure
3.17b while for the Carton & McWilliams profile in figure 3.13b, the growth rate remains
positive for small k even when F}, > 1. This stabilization increases with a but also with the
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Froude number. For example, figure 3.19 displays the growth rate and frequency for a fixed
value of the circulation parameter (a = 0.7), but different Froude numbers. The maximum
growth rate decreases when Fj, is above unity and becomes negative for Fy, = 1.3. Thus, the
instability is completely suppressed when the Froude number Fj, is above a critical value
that depends on the circulation parameter a.

3.6.2 Effect of the Rossby number

The effect of the Rossby number for a fixed F}, is shown in figure 3.20. The Rossby number is
varied between 0.8 and 50, i.e. within the centrifugally stable range for a = 0.7 (=1 < Ro <
254, see figure 3.14b). The maximum growth rate increases with Ro like for the Carton &
McWilliams vortex (figure 3.2a).

Figure 3.21a shows the growth rate as a function of w,/Q(ry). All the curves for Ro < 10
go to zero very close to the critical value w,/Q(r;) = 1 as previously observed. However,
the growth rate for Ro = 20 and Ro = 50 remain clearly positive beyond this cutoff.
Two examples of eigenmodes for Ro = 5 and Ro = 50 are depicted in figure 3.21b. The
eigenmode for Ro = 50 exhibits oscillations outside the vortex core in contrast to the one for
Ro = 5. Indeed, when the Rossby number is large, the eigensolution for large radius can be
wavelike (see (3.5)) since the parameter 82 = (4/Ro* — w?)/(1/Fh? — w?) is negative when
|wr| > 2/Ro (assuming w; = 0 and F}, < |Ro|/2). Such outward radiation of inertia gravity
waves lead to the radiative instability as shown by Smyth & McWilliams (1998), Schecter &
Montgomery (2004), Billant & Le Dizes (2009), Le Dizes & Billant (2009), Riedinger et al.
(2010), Riedinger et al. (2011), Park & Billant (2012) and Park & Billant (2013).

Since the maximum frequency of the GMW instability is max(w,) = Q(r;) = 0.163 for
a = 0.7 independently of the Rossby and Froude numbers, the critical Rossby number at
which the eigenmodes become radiative for some wavenumbers can be estimated at Ro. =
2/max(w,) ~ 12. Above this Rossby number, the radiation of inertia gravity waves provides
a second source of instability in addition to the critical layer at r.. This explains why the
mode m = 1 remains unstable beyond the cutoff frequency w, = Q(r7) for Ro = 20 and
Ro =50 in figure 3.21a.
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Figure 3.20: Growth rate and frequency as a function of kFj,/|Ro| for the profile (3.37) for
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Figure 3.21: (a) Growth rate as a function of the rescaled frequency w,/Q(ry) for the profile
(3.37) for m =1, a = 0.7, F, = 1.2 and for different values of Ro : Ro = 50
—3 Ro=20 " ; Ro=10--; Ro=5---; Ro=2 - ; Ro=1—; and
Ro = —0.5---. (b) Radial velocity of the eigenmode for F}, = 1.2,a = 0.7 for
(Ro = 50, kF},/|Ro| = 0.086: —) and (Ro = 5, kF},/|Ro| = 0.15:---).
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3.7 Conclusions

In this paper, we have investigated the stability of the azimuthal wavenumber m = 1 of
an axisymmetric columnar vortex in a stratified and rotating fluid. As shown by Gent &
McWilliams (1986) and Smyth & McWilliams (1998), this azimuthal wavenumber can be
unstable to an instability which bends the vortex and leads to the formation of lenticular
vortices when the fluid is both stratified and rotating. This three-dimensional instability,
called the “Gent-McWilliams (GMW) instability” herein, can occur in the centrifugally sta-
ble regime and in the quasi-geostrophic limit. These properties make this instability clearly
different from all other known instabilities of columnar axisymmetric vortices: shear insta-
bility, centrifugal instability and radiative instability. We have carried out both numerical
and asymptotical stability analyses of several vortex profiles to better understand the origin
of this instability, to explain why it occurs only in stratified rotating fluids and to derive an
instability condition valid outside the quasi-geostrophic regime.

We have first recovered and extended the numerical results of Gent & McWilliams (1986)
and Smyth & McWilliams (1998) for the stability of the azimuthal wavenumber m = 1 for
the Carton & McWilliams vortex. In the centrifugally stable regime —1 < Ro < 7.39, we
have shown that the maximum growth rate of the GMW instability increases with Ro and
is independent of F} for Fp < 1. In contrast, when Fj > 1, the maximum growth rate
abruptly decreases with Fj, and the eigenmode exhibits a critical layer singularity at the
radius where Q(r.2) — w = 1/F},. Thereby, the maximum growth rate becomes very small
for large Froude number.

These numerical results for the Carton & McWilliams vortex have been completed by an
asymptotic analysis of the long-wavelength bending mode. Such mode is a generic mode
which derives from the translational invariances in the two-dimensional limit. Hence, its
frequency w vanishes for kK = 0 and can be computed by an asymptotic expansion for small
wavenumber k. We have found that there exist two long-wavelength bending modes with
complex conjugate frequency w. The real part of the frequency w, and growth rate w; of
the unstable mode are always positive for finite Rossby and Froude numbers for sufficiently
small wavenumbers and are in good agreement with those of the GMW instability computed
numerically. This shows that the GMW instability exists for long-wavelengths not only in the
centrifugally stable regime: —1 < Ro < 7.39, but also outside of this regime. As the Froude
number is increased above unity, the GMW instability continues to exist but the slope of the
growth rate with k rapidly decreases and becomes negligible because of the damping by the
critical layer r.o where Q(rc2) = 1/F},. The asymptotic results have also allowed us to study
the transition from a stratified to an homogeneous fluid in the case of a non-rotating fluid
(Ro = 00). We have found that the range of wavenumbers of the unstable long-wavelength
bending mode shrinks to zero as the Froude number becomes infinite because of the damping
by the critical layer rq. In contrast, the stable long-wavelength bending mode continues to
exist as Fj, increases. It becomes neutral with a negative frequency as Fj — oo as for the
vortices with a non-zero circulation (Widnall et al., 1971).

This asymptotic analysis for the Carton & McWilliams vortex shows that the GMW in-
stability is intimately linked to the existence of a critical radius r. where Q(r.) = w as
conjectured by Reasor et al. (2004). In order to prove the role played by the sign of the
vorticity gradient ¢’(r.) at the critical radius 7, a second long-wavelength asymptotic anal-
ysis has been carried out for vortices exhibiting an algebraic decay of the angular velocity
Q ~ ap/r?" for large radius, with n close to unity. The sign of ¢’ is positive if n > 1 and
conversely is negative if n < 1. In the particular case of n = 1, corresponding to a vortex
with a constant circulation, the long-wavelength bending mode for finite Rossby and Froude
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numbers is known to have a positive frequency w, with zero growth rate if F}, < 1 and a
negative growth rate if Fj, > 1 because of the critical layer 7.2 where Q(rq2) = 1/F}, (Billant,
2010). Here, we have shown that the critical layer r. where (r.) = w has a positive or
negative contribution to the growth rate if n > 1 or n < 1, respectively. For finite Rossby
and Froude numbers, this positive contribution overcomes the negative contribution of the
critical layer r.o for sufficiently small wavenumber. Thereby, the bending mode is always
unstable for sufficiently long wavelength if n > 1.

For general vorticity profiles, the latter instability condition becomes (’(r.) > 0 in agree-
ment with the condition derived by Schecter et al. (2002) and Schecter & Montgomery
(2003) under the quasi-geostrophic and asymmetric balance approximations, respectively.
This condition is also equivalent to the Rayleigh inflection point and Fjortoft necessary cri-
teria derived by Gent & McWilliams (1986) in quasi-geostrophic fluids and by Montgomery
& Shapiro (1995) under the asymmetric balance approximation. However, the necessary
instability condition derived herein is not restricted to the quasi-geostrophic or asymmetric
balance regimes but is valid for any finite Froude and Rossby numbers. Furthermore, it is
necessary and sufficient if Iy, < 1. Nevertheless, we stress that it is restricted to small vor-
ticity gradients (' and has been derived in the long-wavelength limit. The numerical results
for the Carton & McWilliams (1989) vortex show that this necessary instability condition
is in practice valid for any axial wavenumber k and magnitude of ¢’ for finite Froude and
Rossby numbers.

Finally, we have investigated the stability of a family of vortices combining a Lamb-Oseen
and Carton & McWilliams profiles. These vortices exhibit both positive vorticity gradient
¢’(r) > 0 for some radii and a non-zero circulation in contrast to the two profiles previously
studied. We have shown that these non-isolated vortices are also unstable to the GMW
instability in stratified rotating fluids, but only for finite axial wavenumbers as previously
observed by Flier] (1988) for piecewise vorticity profiles in quasi-geostrophic fluids. The long-
wavelength limit k£ < 1 is stable (or marginally unstable) because the vorticity gradient at
the critical radius ¢’(r.) is exponentially small. This result comes from the fact that the
critical radius 7. is very large when the circulation (I' = 27a) is non-zero and the frequency
is small: 7. ~ (a/w)'?. Another particularity of the GMW instability for these non-
isolated vortices is that the damping effect of the critical radius r.o where Q(r.o) = 1/Fj,
can completely overcome the destabilizing effect of the critical radius r. when the Froude
number is sufficiently large.

In summary, the origin of the GMW instability can be traced to a destabilization of the long-
wavelength bending mode of a columnar vortex by a critical layer r. where Q(r.) = w/m
when ¢’(r.) > 0. This mode is specific to the azimuthal wavenumber m = 1 since it derives
from the translational invariances. However, more generally, three-dimensional modes for
other azimuthal wavenumbers m > 2 could be also destabilized by a critical layer if their
frequency range lies in the range 0 < w/m < . Some vortex waves for these azimuthal
wavenumbers may indeed have a frequency in this range, both in homogeneous fluids (Kelvin,
1880; Fabre et al., 2006) and stratified rotating fluid (Schecter et al., 2002; Park & Billant,
2013). It would be interesting to investigate their stability for vortex profiles satisfying the
condition ¢'(r¢) > 0.
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Chapter 3. Stability of a columnar vortex in stratified-rotating fluids

3.A Long-wavelength analysis for the Carton & McWilliams
vortex in stratified rotating fluids

In this appendix, the equation (3.2) is solved asymptotically for small kF}, and m = 1
for the Carton & McWilliams vortex (3.6) using the expansion (3.13). The frequency w is
first considered arbitrary for simplicity. Two regions are considered: an inner region where
r < 1/k and an outer region where r > 1. The matching of the solutions in these two
regions will lead to the dispersion relation.

3.A.1 Inner region

At leading order in kF}, (3.2) reduces to

d2 1d 1 !
o, 1dpo [JFC

dr? r dr r2  rs

} wo = 0. (3.38)
The solution which is non-singular at r = 0, is

vo = Crs. (3.39)

where C' is a constant and we recall that s = ) — w. At second order, we have

d?ps  1dys 1 ¢ deg ¢ — 52 1/ 2
—— ==+ = =H ——(— )H , 3.40
dr? +T dr r2+rs ¥2 dr + 1—$2F rs R0+C 0 (3.40)
where o ( 2p2)
rQ) 4+ s(1 — s°F
H=-2 b 3.41
T A= 2R (3.41)
The solution can be found by reduction of order in the form
P2 = o, (3.42)
where
" (29 —s+2/Ro) "1 415(n)  4I5(n)
- d L [I ]d , 4
J /(; n 1— F;%SQ n +/0 77382 1(77) + Ro + R02 n (3 3)
and
I S 3.44
p(n) = /0 1—717,332 3 (3.44)
with p = 1,2, or 3. The inner solution is therefore
@in = @o[l + K2FRT) + - . (3.45)

3.A.2 Outer region

In the outer region, we define a rescaled radius such that U = kr with U = O(1). Since Q
and ¢ are exponentially small for r = O(1/k) > 1, (3.2) becomes at leading order

d?p 1 de 1 5 442G
Rl A Y61 [l il P 4
au? U[ +G] dU [U?J“ﬁ t ?Re|? T (3:46)
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Figure 3.22: Parameters o/ (—), #(---) and Z() as a function of Fj, for the Carton &
McWilliams vortex (3.6): (a) real part and (b) imaginary part.

where S
G —2(1 — w?Fy)

N 1—w2F,% — w2U?’

and 82 = (4/Ro* — w?)/(1/F} — w?). Assuming that % > 0 and w; = 0 or w; # 0, the
solution which satisfies the boundary condition at infinity is

(3.47)

R
WT(;%OﬂUKO(BU) + O(K2F?), (3.48)

Pout = E[Kl(/@U> + 91

where E is a constant.

3.A.3 Behaviour of J for large r

Before matching the inner and outer solutions, we need to determine the behaviour of the
function J defined in (3.43) for » > 1. To this end, we assume now that w is small. We
first determine the behaviour of the integrals I,(n) defined in (3.44) for n > 1. We have

Ii(n) = & (Fy) + O(w,w'n?), (3.49)
I(n) = B(Fy) + O(w,w’nt), (3.50)
I3(n) = 2(Fy) + F3(n) + O(w,w’n"), (3.51)

provided that 1 < n <« 1/y/w and wFy, < 1. The constants (o, %, 7) are defined in
(3.9), (3.10) and (3.11) and the function F3 in (3.12). For the Carton & McWilliams profile
(3.6), the angular velocity decays exponentially with r so that the asymptotic form of Q
for large 7 can be taken as Q = 0, leading to F(n9) = F3(n) = 0. Accordingly, we have
I3(n) = 9(F},) for n > 1. The constants (<7, %, Z) are plotted as a function of the Froude
number in figure 3.22. We see that they are real and positive for F}, < 1 and complex with
a negative imaginary part when Fj > 1. As mentioned in section 3.4.1, this is because the
integrands are singular at the critical radius 7. where Q(r.2) = 1/F} and the integration
path is deformed in the upper complex plane. From (3.49 — 3.51), we deduce that the
behaviour of J for large r is at leading order

4 L |
Jr>>1 = W&(Fh,RO)/ @d'f], (352)
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Chapter 3. Stability of a columnar vortex in stratified-rotating fluids

where ¢ is defined in (3.8). In order to further integrate (3.52), it is first convenient to write
w = pe'? and to use a change of variable z = e /p. This yields

J, = 72582 e L d 3.93
LT T W2 Ro? / z(l —bz)?(1 —e,Inx)? “ (3:53)

9 ande,=—1/Inp.

where b = e™!

Since w is assumed to be small, the integral (3.53) can be computed asymptotically in power
of the small parameter ¢, when €,|Inz| < 1, i.e. when

1

The integration range in (3.53) is therefore split into three intervals:

e /p T T2 e /p
/ - / " / + / , (3.55)
T T2

where the bounds (x1,z2) are chosen such that p < 29 < 1 and 1 < 27 < 1/p. The three
corresponding integrals are denoted Ji, J2 and J3.

In the first interval, we have x > 1 so that we can write

282 [m1 1 2062 (™1 14+ 0(1/x)
—_ do = ———=p / dz, (3.
1 w?Ro? / z(1 —bx)?(1 —e,Inx)? v w?Ro? b223(1 — e, Inx)? T, (3.56)

This yields

26

1
J = —22  (2e~2eEi(2(e —1 . i o= 3.57
1 W2b2Ro2? < € 1( (ep n$1)) 33%(1 —eplnxl) + l‘i’ ) ( )

where Ei is the exponential integral (Abramowitz & Stegun, 1972). Similarly, we have x < 1
throughout the third interval so that

2 2
J 26e2 /6 /p 1 262 /6 /P 1+ 0(x)
5T T W2Re? . (1 —bx)?(1 —¢,Inx)? T T O2Re? . z(l—¢eplnz)?
(3.58)
giving
20¢> 1 1+0
J3=—2p2{22— +0) } (3.59)
wiRo? |e2r?  g,(1 —¢g,In o)
Finally, in the intermediate interval, we have ¢,|Inz| < 1 leading to
2062 (o2 1
Jo=— =55 / 2 2 0
w?Ro? J,, x(1—=bx)?*(1 —¢,Inx)
_ 20¢3 /962 1+2¢,Inz + 3e5(Inz)? + O(ef’,)daj (3.60)
w?Ro? J,, z(1 — bx)? ' '
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This gives

252 1 1—bx
P
= - ln
2 w?Ro? [1 — bx ( T )

+ & (lnx <lnx—2+1_bx

—2In(1 — b:L‘)) +2In(1l — bx) — 2Liz(baj)>

1
+ szlnﬂz<31bm Ibl$+(lnx)2+61n(1—bx)—31nx1n(1—b:c))
—bx

— 625 ((—1+ Inz)Lis(bx) — Lis(bx)) + O(e)) r, (3.61)

xr1

where Li,, is the polylogarithm function of order n (Abramowitz & Stegun, 1972). We can
also expand J; and J3 with €, since e,Inx; < 1 and €,Inxs < 1. This gives

5e? 3
_ p 2 2 3
Jy = R <1 +e,(1+2Inxy) + 560 (2Inzq +2(Inzy)?) + O(ap)> , (3.62)
20¢> 1 1
_ p 2 _ 2 3 3
J3 = T <£%r2 - - —Inxy — gy(Inzg)” —£,(Inxa)” + O(ap)) . (3.63)

The integral Js can be also simplified using the fact that zo < 1 and 1 > 1:

2(55% 1
Jo = ~ Ry 1+In(=b) +1Inzy + 20222

2
- ) 9 1+42Inx
_— <3+21n(—b)+(1n(—b)) — (Inzy) T ob?

+ 5/2) <(ln 29)3 + 7% 4+ w2 In(=b) + 31In(—b)? + In(—b)3

n 3(1 +2ln552;%2(1nx1)2))} (3.64)
Collecting the three integrals, we obtain
Irs1=J1+ Ja+ J3 =
- et () <”; T 21n(—b) + (ln(—b))2>
+ &) (72 + 72 In(=b) + 3In(—b)* + In(=b)*) + O()] - (3.65)
Since the small parameter depends on the logarithm of |w|: €, = —1/1In |w|, the convergence

of (3.65) is quite slow for small w. This is the reason why we have computed J,s1 up
to order Ef;. It should be noted that (3.65) can be simplified by using as small parameter
£, =—1/Inw, i.e. equivalently £, = 1/r2. It yields

26 1

Jr>>1 - - D)
w?2Ro? | r2?

., = : < L 8 8
— &, + 5/2,(1 +imy) — 62 <—23 + 217r'y> - 5§27r2 + 0(62) . (3.66)

where v =1 when 0 < § < m and v = —1 when —7 < 0 < 0, if the integration is performed
on the real axis. All the complex terms in (3.66) are included in the parameter £, except
two. These two terms correspond to the residue at the singular radius r. = v — Inw.
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Chapter 3. Stability of a columnar vortex in stratified-rotating fluids

3.A.4 Matching

The inner and outer solutions should match in the overlap region 1 < r < 1/k where they
are both valid. To this end, we consider the behaviours of the inner solution (3.45) for
r > 1 and the outer solution (3.48) for U = kr < 1. Using the behaviour of the function J
determined in the previous section for » > 1 and w < 1, the inner solution for r > 1 is

2F5k‘2 01 T T . T 272 .
Qin = —C(,U’I“ + C R02 ; |:7‘ — E + E(l -+ 17'("}/) — @ <_3 + 2171"'}/)
272y 1
- + (7&0)] + O(FEY). (3.67)

In turn, the outer solution (3.48) becomes at leading order for kr < 1 and w < 1

E EpBokr Bkr 1
out — 5 1 5 e o> .
DPout 50kr+ 5 [n( 5 >—|—’}’ 2] (368)

where Sy = 2F},/Ro. The expressions (3.67) and (3.68) match at leading order if

K333CS
EF=— .
SR (3.69)
KB 11 1 (2n? 272 Bakd
— —— 4+ —(1+i — | — —2i ——| = —1 k)). (3.
w+ 5 [ -z + 7“;4( +imy) + G ( 3 1777) 5 } O( " n(So )) (3.70)
The latter relation yields a dispersion relation valid for small k:
K226 [ 1 1 1 (/22 272
2 _ 0 . .

We can check a posteriori that it is legitimate to neglect the right-hand side of (3.70). In
fact, (3.71) simply imposes the condition that the inner solution (3.67) decays with r and
this condition could have been obtained from (3.67) without solving the outer problem. An
alternative way of writing (3.71) is

2 kB30
2

2
w [—ap +e(1410) - (”3 + 2i0 — @2> + ey(r* +in*0 — 307 — 163)} ,

(3.72)
where © = 7 sgn(f) — 0, ¢, = —1/In|w| and 0 =arg(w).

3.B Effect of the Froude number on the long-wavelength bend-
ing mode of the Carton & McWilliams vortex in non-
rotating fluids

When Ro = oo, the matched asymptotic analysis conducted in appendix 3.A and section
3.4.1 for the Carton & McWilliams vortex (3.6) remains valid whatever the Froude number
Fj,. In this case, we have therefore the opportunity to study the transition from a stratified
fluid to an homogeneous fluid Fj, = co.

In the limit Ro = oo, the dispersion relation (3.14) can be rewritten in the convenient form
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Figure 3.23: Frequency w, (thin lines) and growth rate w; (thick lines) as a function of k
for the azimuthal wavenumber m = 1 for the Carton & McWilliams vortex
(3.6) for (a) Fy, = 3, (b) F}, =4, (¢) F, = 4.5 and (d) Fj, = oo for Ro = oc.
The solid lines show the numerical results while the dashed line represents the
asymptotic frequency (3.73).

w? = L 21410 3 i 210 — 2 4 (72 +ir?0 — 30% — ie?
- —5p—|—€p( +i )—5p E—i— i0 — +5p(7r +ir°0 — —i ) ,
(3.73)
where
=Fof = F2/ 753 : d 3.74)
A=F = .
h h 0 1 F}%QQ ‘Sv (

where & is defined in (3.9).

In the limit £}, — oo, A tends to a finite value which is real and negative: A = — fooo £302d¢.
Hence, it is straightforward to see that (3.73) has a solution where w is purely real and
negative (i.e. © =0)

E2A
w?=-—"= [ep 248 54772} . (3.75)

In fact, this is the only solution of (3.73). As for vortices with a non-zero circulation
(Widnall et al., 1971), the long-wavelength bending mode of the Carton & McWilliams
vortex in homogeneous non-rotating fluid is therefore neutral with a negative frequency.
This implies that there is no critical radius Q(r.) = w.

Figure 3.23 shows the two solutions of (3.73) for several Froude numbers from Fj = 3 to
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Chapter 3. Stability of a columnar vortex in stratified-rotating fluids

Fj; = 0o and compares them to numerical results. We see that the branch with positive
growth rate predicted by (3.73) exists only for small wavenumbers when Fj = 4 (figure
3.23b). It disappears when the growth rate vanishes because the integration path is on the
real axis. For Fj = 4.5, this branch shrinks further, and when Fj, = oo it has completely
disappeared. In contrast, the other branch continues to exist as Fj, increases. Its frequency
remains negative but its damping rate diminishes as Fj, increases. It becomes neutral in the
limit F}, = oo. For all the Froude numbers investigated, (3.73) is in good agreement with
the numerical results for small wavenumber.

3.C Long-wavelength analysis for vortices with angular veloc-
ity decaying algebraically in stratified rotating fluid

In this appendix, a long-wavelength asymptotic analysis similar to the asymptotic analysis
of appendix 3.A is carried out for vortices with an angular velocity behaving like Q ~ a,, /72"
for large radius. In contrast to appendix 3.A, it is more convenient to assume that w is small
from the outset and expanded with kQF,f

w=0+Fk*wy +---. (3.76)
As before, the inner and outer solutions are expanded in the form
¢ = o+ Fik*pa +--- . (3.77)

The inner solution will be determined for arbitrary n while the outer solution can be com-
puted analytically only for n = 1+ & with |¢| < 1.

3.C.1 Inner region

In the inner region, the solutions ¢y and 9 have the same form as in (3.39) and (3.42)
except that, since w = wngF,? + ---, s can be approximated by €2 and the term —rwC' in
the leading order solution (3.39) appears in the second order solution @s:

o = Cril, (3.78)
" Q(Q+2/Ro) /’" 1 - 4Iy(n)  4l3(n)
= it S M S 2| I dn| - C

P2 = o /077 1 B2 n+ o 1)+ —p =+ 5o | dn war,

(3.79)
where

I,(n) = T g d 3.80
o0 = [ (3.50)

with p = 1,2 or 3.

3.C.2 Outer region

As in appendix 3.A.2, the outer solution can be determined by defining a rescaled radius
U = kr with U = O(1). However, the angular velocity Q and vorticity ¢ are now not
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negligible since Q ~ a,,/r?*" for r > 1. Indeed, the rescaling of (3.2) gives for such a profile:

e 1 de 1 2 2 2 p2pdn 2120
@4‘5[1‘*‘]\4]@—@ W*‘ﬁo + O(Fpw*, F k™", Fk™w)
4n(1 —n) MUt 2 2(1—-n)k
- —+———1| =0 3.81
01— 2y i) (R T O -
where M = O(Fiw?, FPE'™, F2k*"w) and By = 2F},/ Ro.
Hence, since w = wok?F?, (3.81) reduces at leading order to:
d?p  1dp 1 9 4n(l —n)
— o= - =0. 3.82
a? Toar ¢ o T e s et o /an]] (382)

This equation can be solved asymptotically when n = 1+ ¢ with |e] < 1. To do so, we
expand the outer solution and ws with e

Vout = 00 + el + - (3.83)

wy = Wi e - (3.84)
The solution at leading order is
o)) =K (BoU) (3.85)

At the next order, we have

Uz U au o

dep)  1dey) w1 4¢(
— — t+ 06| = @) . (3.86)
U U2(1 — Flwy 'U?/ay)
The solution is found by reduction of order

U 2
n 1 K 4K7(Bof)
o = Ki(BoU) /OO K3 (Bon) /oo £ - F2o€? fay,)

dedn, (3.87)

where the integration constants have been chosen such that goél) tends to zero for U — oo.

3.C.3 Behaviour of the inner solution for large r

In preparation for the matching, we determine the behaviour of the inner solution for r > 1.
We start by determining the behaviours of the integrals I,(n) defined in (3.80). Because
Q ~ a,/r?" as r — oo, we have for n > (a, Fj,)"/*"

Lin) ~ o/ (F) + O(1/n™" ), (3.88)
Iy(n) ~ B(Fn) + 01/, (3.89)
I3(n) ~ 2(Fy) + Fi(n), (3.90)

where o/, %, 9 are defined in (3.9), (3.10), (3.11) and Fj in (3.12). Using the asymptotic
form of € for large radius Q = a,,/r?>" gives the function:

n (2253 ,,74—471 -1
Fam) _/ 1—F,§Q2d§_ai[ 1—4n ] (3:91)
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The behaviour of the second order inner solution (3.79) for r >max(F; ;/ . 1) is therefore
4 5r2n—1 ap 7,,271—1
~C ( 3-2n _ ) — wor|, 3.92
72 [anRo2 dn — 2 + 2R0%(1 —n) " om—1) " (3:92)

where ¢ is defined in (3.8). The behaviour of the inner solution for large r is then

4 5T2n—1 1 T2n—1
. F21.2 ( 3—2n ) _
oin [ Za-1 1 h [anR02 n—2 " 2Ro%*(1 —n) " om—1/) %

+ O(FtkY). (3.93)

If we now further assume that n = 1 + ¢ with |¢| < 1, we obtain

Inr

1 20 2lnr —1 ()
cpm—Can[—2 ——i—kQFh nr _ %
T

a? Ro? Ro? an

(1)
46 1
+€(_g7(1nr_1)+ﬁ(2—21m)) + 02 KA. (3.94)

an a2Ro?

3.C.4 Behaviour of the outer solution for small U

In order to match the inner and outer solutions, we need also to determine the behaviour
of (3.87) for U <« 1, i.e. for r <« 1/k. To do so, we first rewrite (3.87) in the form

90(()1) = M (U)K (BoU) where

Y x(n)
M) _/oo WK%(Bon)dn’ (3.95)

and

n 2
x(n) = ) gy (3.96)
2 (0)rro —1
ooU(l—Fhwz Uan )

When 7 is small, we have

x(n) = E - 32772 +21n(nfo) (—1 +27 + 2?;0: +1n "f°> +0(n?), (3.97)
where F is a constant defined as
pe [
— P20 Bing
— 21n(nof0) (-1 2y 4 2“;%0;? +1n (770460» , (3.98)

with 0 < 19 < 1. Using (3.97), we can now determine the behaviour of M for small U. We
obtain

E F2 ( ) 2F 0)
M =G — 2In(UB,) + B2U? FIn(UB) | —1+29e + Z28%2 o9
2 50 n Bo n
+ B2U(InUBy)* + O(U*), (3.99)
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where G is a constant. This constant can be set to zero without loss of generality by a
simple rescaling of the leading order solution. This implies that (p[()l) for small U is of the
form:

(0)
1) 2In(UBy)  BoU 2F2ws
= MK (BoU) = — E -
©o 1(BoU) BoU + = Fa
4 2&)(0)
+In(Upo) | =1+ 27+ ﬁgcf —2In2 || +OU?).  (3.100)
oYn

We can then deduce that the outer solution (3.84) becomes for small U = kr

1 Bokr [In(Bokr) 1 21n(Bokr)
Pout = Gokr 2 [ 2 T T T ok
(0)
Bokr 2F}%w£0) 4F 2w,
B In(Bokr) | —1 + 27 —2In2
+ 5 8a,, + In(Bokr) + 27 + B2a, n +
(3.101)
3.C.5 Matching
The expressions of the inner and outer solutions (3.94) and (3.101) match if
1
Ca, = —(1 —2en(kpp)), (3.102)
Bok
2 25 Bok  eBok 4F2,0
2Ca,k* =% (1 = -1)) =5 —1+ 27, —2In2 b 1
Ca Too? ( +5< p )> 5 + 5 + 2y n2+ Ban |’ (3.103)
25 1 W 46 9 Wil Bok (. Bok
L2 2 _ _*2 _ _*2 _ PO% [, 2O%
Cak™F) a?Ro?> Ro*>  a, te a2 Ro? TR an 2 "2
1 2F2 (0) 4F2 (0)
e L) p Sk B2 (ko) [ =1+ 270+ —222 —2m2||.  (3.104)
2 2 Boan /800’71

The first relation gives the constant C' while the two others give the dispersion relation

21.2 21.2
2,20 (0) 1)y _ anbBok Bok d Bk )
w =Fyk(ws” + ewy )_2<_1n2_%+a% ey 1_E_%_a%

2
+1n2 + In(Bok) <1 — 2y, — 67;5 +21In 2)] + O(e2, k' In(k)). (3.105)

n

3.C.6 Generalization to arbitrary profiles with a weak gradient of vorticity
for large radius

In this section, we consider an angular velocity profile different from the form 2 ~ a,,/ r2(1+e)

but still with a weak gradient of vorticity for large radii. In other words, its angular and
vorticity profiles for large radii can be written in the general form

Q= Qp(r) + e (r), ¢ =¢el(r), (3.106)
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where Qo(r) = a,/r?, ¢ < 1 and (21, (1) are of order unity. In this case, the outer solution
has the same form as found in §3.C.2 except that (3.87) is replaced by

W _ v T/ RKF(Bof)
A =150 [ i | e e (3.107)

This implies that the frequency will be of the same form as in (3.26) with w(®) given by
(3.27) and w® by

2
W) = 24, ("f{)) (=B + 1k, F, Ro)) (3.108)

where

10 2
K2 (Bok
FE = lim /k Mdr+92(k,no,w(o),Fh,Ro), (3.109)

00 Sy (20(r) — w©)
where the functions g1 and go will be different for each particular profile considered and
would have to be determined by matching the inner and outer solutions. However, without
determining the explicit expression of these functions, it is easy to see that they should be
real if w(® is real. Hence, if §; is small, we can deduce that the growth rate will be at leading

e kBo\ [ 6 Gi(re)KE (kBore)
w; = 2an <20> L% ~enl Tc%érc) O } +O(e5), (3.110)

since the residue of the integral in (3.109) at r. is a—1 = (] (ro)K3(kBore) /% (re). Equation
(3.110) can be also rewritten in terms of the full profiles (3.106)

wi = 2a,, <k§°>2 [i% - WCI(TCE%SBMC)} +0(e6,). (3.111)
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STABILITY OF A PANCAKE VORTEX IN
STRATIFIED FLUIDS

In order to understand the dynamics of pancake-like shape vortices in stably stratified fluids,
we perform a linear stability analysis of an azxisymmetric vorter with Gaussian angular
velocity in both radial and azial directions with an aspect ratio a. The results are compared
to those for a columnar vortex (o = 0o0) in order to identify the instabilities. The centrifugal
instability occurs when R > c¢(m) where R = ReF,f is the buoyancy Reynolds number, Fj,
the Froude number, Re the Reynolds number and c¢(m) a constant which differs for the three
unstable azimuthal wavenumbers m = 0,1,2. The mazimum growth rate depends mostly on
R and is almost independent of the aspect ratio «. For sufficiently large buoyancy Reynolds
number, the axisymmetric mode is the most unstable centrifugal mode whereas for moderate
R, the mode m = 1 is the most unstable. The shear instability for m = 2 develops only
when Fy < 0.5a. By considering the characteristics of the shear instability for a columnar
vortex for the same parameters, this condition is shown to be such that the vortex thickness
1s larger than the minimum wavelength of the shear instability in the columnar case. For
larger Froude number Fj, > 1.5a, the isopycnals overturn and the gravitational instability
can operate. Just below this threshold, the azimuthal wavenumbers m = 1,2,3 are unstable
to the baroclinic instability. A simple model shows that the baroclinic instability develops
only above a critical vertical Froude number Fy, /o because of confinement effects.
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Chapter 4. Stability of a pancake vortex in stratified fluids

Analogies and differences between the stability of an isolated
pancake vortex and a columnar vortex in stratified fluid

Eunok Yim and Paul Billant
LadHyX, CNRS, Ecole Polytechnique, F-91128 Palaiseau Cedex, France
(Submitted to J. Fluid Mech.)

4.1 Introduction

Several studies have been devoted to the stability of a columnar vertical vortex in stably
stratified fluids. Axisymmetric columnar vortices can be unstable to the centrifugal insta-
bility when the Rayleigh discriminant is negative (Smyth & McWilliams, 1998; Billant &
Gallaire, 2005). Shear instability may also occur when the vorticity gradient vanishes at
some radius (Rayleigh, 1880) since it is a two-dimensional instability. In addition, the vor-
tex can spontaneously radiate internal waves owing to an over-reflection mechanism (Smyth
& McWilliams, 1998; Le Dizes & Billant, 2009; Billant & Le Dizes, 2009; Riedinger et al.,
2010). However, many studies have shown that vortices have a pancake or lenticular shape
in stratified fluids rather than being columnar. For example, interacting columnar vortices
are unstable to the zigzag instability (Billant & Chomaz, 2000; Otheguy et al., 2006; Bil-
lant, 2010; Billant et al., 2010; Deloncle et al., 2011) and evolve into pancake vortices with
a small aspect ratio. Coherent vortices generated from wakes or turbulence in stratified
fluids have also a pancake shape (Lin et al., 1992; Chomaz et al., 1993; Spedding et al.,
1996; Fincham et al., 1996; Bonnier et al., 2000). In laboratory experiments, pancake vor-
tices can be directly generated by different devices imposing a rotation to a layer of fluid
(Flér & van Heijst, 1996; Beckers et al., 2001). Many pancake vortices are also observed
in oceans. Famous examples are the Mediterranean eddies (Meddies) which are formed by
salty water flowing from Mediterranean sea in mid-Atlantic ocean (Armi et al., 1989; Hobbs,
2007). Meddies have typically an horizontal extension of O(100)km and vertical thickness
of O(1)km (Richardson et al., 2000). For these vortices, planetary rotation has an impor-
tant effect in addition to the stable stratification but this effect will not be considered in
the present paper.

Despite the ubiquity of pancake vortices in stratified fluids, only few studies on their struc-
ture and stability exist. The internal structure of a pancake vortex in stably stratified fluids
has been investigated by Flér & van Heijst (1996), Bonnier et al. (2000) and Beckers et al.
(2001). Flér & van Heijst (1996) conducted an experimental study on monopolar pancake
vortices using three different generation methods (rotating sphere, rotating rod and injec-
tion of fluids). They found that disturbances with azimuthal wavenumber m = 2 or m = 3
are unstable when the Froude number F' = Vijax/N Rymax is larger than F' > 0.1, where
Vnax 18 the maximum azimuthal velocity, N the Brunt—Vaisald frequency, and Rymax the
radius of maximum azimuthal velocity. They also showed that the nonlinear evolution of
the instabilities (formations of tripole (m = 2) and dipole splitting), is similar to those for
two-dimensional vortices. Some differences come from the faster decay rate of the satellites
compared to the core for pancake vortices. Bonnier et al. (2000) investigated experimentally
the dynamics of vortices in the far-wake of a towed sphere. The density field inside the vor-
tices shows a pinching of the isopycnals in order to satisfy the hydrostatic and cyclostrophic
balances. Beckers et al. (2001) found similar isopycnal deformations experimentally and
numerically. They have shown that, when the vortex is not initially in cyclostrophic or hy-
drostatic balances, adjustment processes occur and lead to the generation of internal gravity
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waves. A Kirchhoff elliptic pancake vortex in cyclostrophic balance also emits gravity wave
(Plougonven & Zeitlin, 2002). Balanced vortices exhibit particular momentum and density
diffusions. Beckers et al. (2001) and Godoy-Diana & Chomaz (2003) have studied the effect
of the Schmidt number Sc = v/k which is the ratio of the diffusion rates of momentum v
and density k. When Sc¢ > 1, secondary circulations slow down the decay of the vortex. In
contrast, when Sc < 1, these secondary circulations accelerate the decay of the vortex.

The stability of a pancake vortex as a function of Reynolds number and Froude number
is discussed in Beckers et al. (2003) experimentally and numerically for a vortex profile
with angular velocity Q = Qpexp(—(r/R)? — (z/A)?), where Qq is the maximum angular
velocity, ¢ is the steepness parameter and « the aspect ratio fixed to « = A/R = 0.4
with R is the radius and A the thickness. Beckers et al. (2003) have determined only
the most unstable modes by performing nonlinear numerical simulations of azimuthally
perturbed vortices using the Navier-Stokes equations under the Boussinesq approximation.
They focused on perturbations with azimuthal wavenumbers m > 2 with a Reynolds number
up to Re = 10000 where Re = 2/TARQy/v. They have shown that pancake vortices
with ¢ > 2 are generally unstable to barotropic (i.e. shear) instability in the range of
500 < Re < 10000 and 0.1 < F < 0.8 where F' = 2,/7AQy/(RN). The instability is
similar to the shear instability of two dimensional vortices with the most unstable azimuthal
wavenumber increasing with the steepness parameter ¢ (Carton & Legras, 1994). When
q = 2, they found that the vortex is stable.

Recently, Negretti & Billant (2013) have conducted a linear stability analysis of a pancake
vortex with a Gaussian vertical vorticity profile in radial and vertical directions. They
found that the vortex is unstable to gravitational instability when the vortex aspect ratio
a is small such that a/F, < 1.1, where Fj, = Qy/N. When this condition is satisfied, the
isopycnals are indeed so deformed by the pancake shape that they overturn. The barotropic
shear instability does not exist because the vorticity gradient does not vanish for a Gaussian
vertical vorticity profile. The vertical shear is also never sufficient to trigger an instability
when o/Fp, > 1.1.

In this paper, we investigate the stability of an axisymmetric pancake vortex with the same
angular velocity profile as in Beckers et al. (2003) in a stably stratified fluid. The steepness
parameter will be set to ¢ = 2 throughout the paper. In contrast to Beckers et al. (2003),
all the unstable modes will be determined by solving the eigenvalue problem by means of
an iterative method. The Reynolds number will be increased up to Re = QoR? /v = 100000
and various aspect ratios and Froude numbers will be studied. We have found that the
vortex can be also unstable under some condition to the m = 2 shear instability when
q = 2. In addition, we will show that other types of instability exist: the counterpart of the
centrifugal instability of columnar vortices and two instabilities specific to pancake vortices:
the gravitational instability already extensively studied by Negretti & Billant (2013) but
also the baroclinic instability that has not been observed before in purely stratified fluids.

The paper is organized as follows: we first define the linear stability problem in §5.2. In
§4.3, typical spectra and eigenmodes for the azimuthal wavenumbers m = 0,1, and 2 will
be presented. The origin of the different modes will be identified thanks to stability criteria
and by comparison to the instabilities of columnar vortices. In §4.4, a parametric study of
the most unstable modes for each m will be then conducted as a function of the aspect ratio,
Froude and Reynolds numbers. From the fact that the centrifugal and shear instabilities
in pancake and columnar vortices have many resemblances, we further show in §4.5 and
§4.6, that their occurrence in pancake vortices can be understood from their growth rate
dependence with the vertical wavenumber in columnar vortices. The instabilities specific
to pancake vortices will be discussed in §4.7. At last, all the different instabilities for each
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azimuthal wavenumber m are summarized in §5.8 in the parameter space: Froude number,
Reynolds number for Re < 10000. In §4.9, comparisons to previous experimental and
numerical studies are presented.

4.2 Problem formulation

4.2.1 The base state

We consider as base flow an axisymmetric pancake vortex with only azimuthal velocity
up(r,0,2) = [up,ug,u;] = [0,7Q(r, 2),0] in cylindrical coordinates (r,6,z). The angular
velocity is chosen Gaussian in both radial and vertical directions

’7‘2 22
Q(r, z) = Qoe‘(?+r2), (4.1)

where R is the radius, A is the half thickness and 2y is the maximum angular velocity. The
total pressure and density are decomposed as follows:

bt = Do —|—p(2) +pb(7") Z)) (42)
Pt = PO + /3(23) + Pb(f”, Z)?
where the values with the subscript 0 are reference values, those with a bar indicate the
background vertical profiles and those with a subscript b correspond to the perturbations

due to the base vortex. The Euler equations under the Boussinesq approximation are in the
radial and vertical directions

1 Opy

—r(? = o (4.4)
g 1 Op;

— _ &t 4.5

Popt po 0z (4:5)

corresponding to cyclostrophic and hydrostatic balances, where g is the gravity. Combining
(4.4) and (4.5) gives the thermal-wind relation:

orQ? g 9m

== 4.6
0z po Or (46)
Hence, py is given by
2 P2 52
pu(r, z) = —z% <f> 93672(?+p). (4.7)

4.2.2 Linearized equations

The vortex is perturbed by infinitesimal perturbations (denoted with prime) of velocity
u' = [ul, up, u,], pressure p’, and density p’ as

u’(r? 9; Z) =up + ul = (07 T’Q(T’, z)v 0) + (u;w u/97 u/z)7 (4'8)
p=p+7, (4.9)
p=pit+p. (4.10)
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4.2.  Problem formulation

Since the vortex is axisymmetric, the perturbations are written as normal modes in the
azimuthal direction

0 o

8 1) = [, 2) 0, 2) s 2). po(r.2), 20 p(r, 2)Je ™0 e (411)

where w is the frequency and m the azimuthal wavenumber. We consider that m is positive

since negative wavenumbers can be recovered by the symmetry: w(m) = w*(—m). Under
the Boussinesq approximations, the linearized Navier-Stokes equations are

—i(w — mQ)u, — 2Quy = —% +v <V2ur - %ur - ;imue) (4.12)
—i(w — mQ)up + Cu, + ag?uz = —iTmp +v <V2u@ — Ti?ue + Tiimw) (4.13)
—i(w —mQ)u, = —ZIZ) —p+vV3u, (4.14)
—i(w—mQ)p + [i)%[:)ur + ;]Oaaibuz = N2u, + kV?p (4.15)
L L o

where ¢ = 1/rd(r?Q)/dr is the vertical vorticity, N = \/—g/podp/dz the Brunt—Viisili
frequency which is assumed constant, v the viscosity and x the diffusivity of the stratifying
agent. The problem is governed by four non-dimensional numbers: aspect ratio («), Froude
number (F}), Reynolds number (Re) and Schmidt number (Sc), defined as follows:

A Qo

= F =
« R’ h

QoR2 v
N Re = T SC—E. (4.17)

In this paper, we keep Sc¢ = 1 for simplicity and in order to avoid the double-diffusion
phenomenon between momentum and mass diffusion (McIntyre, 1970).

4.2.3 Numerical method

Equations (4.12) — (4.16) are discretized with finite element method using FreeFem-++
(Hecht, 2012; Garnaud, 2012; Garnaud et al., 2013). Velocity, density and pressure (u, p, p)
are approximated with (P2, P1, P1) elements, respectively. The mesh is adapted to the
base state and refined around the vortex core. The domain is restricted to positive radius
r = [0, Rmax| and is set to z = [—Zmax, Zmax| along the vertical. The boundary conditions
at r = 0 differ depending on the azimuthal wavenumber m (Batchelor & Gill, 1962; Ash &
Khorrami, 1995),

m=0: Up = ug = 0,
m=1: u, =p=p=0,
m > 2: U =Ug = U, =P=p=

At the other boundaries 1 = Ry.x and z = =72 ,., all perturbations are enforced to vanish.
The sizes of the domain are chosen large Z,.x = 6A and Ry, = 8 R compared to the vortex
core sizes. The resulting discretized equations (4.12) — (4.16) are written in the form

— iwBv = Lv, (4.18)
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Run | Shin Smax  No. of triangles Growth rate (w;)

1 0.7R 40144 0.0221162
2 0.15R 74807 0.018641€2
3 0.004% 0.075R 189396 0.018639¢2
4 0.04R 306144 0.018638¢2
5 | 0.040R 88128 0.018740€2
6 | 0.010R 0.075R 171596 0.018635€2
7 | 0.004R 189396 0.018639¢2

Table 4.1: Growth rate for different minimum and maximum mesh sizes Spin and Spax for
m = 2, a« = 0.5, Fj, = 0.5 and Re = 10000. The number of triangles is also
indicated.

where v = [u,,ug,u.,p,p]. The typical size of the matrices B and L is about 10 x 106.
The generalized eigenvalue problem (4.18) is solved with an iterative Krylov-Schur method
using the libraries SLEPc and PETSc (Hernandez et al., 2005; Garnaud, 2012; Garnaud
et al., 2013; Balay et al., 2014). The shift-invert spectral transformation is used to find the
most unstable eigenvalues/vectors around shift values. Spurious modes are eliminated by
excluding eigenvalues varying by more than 1075 between two successive shift values.

Table 4.1 shows examples of the convergence of the growth rate as a function of the mesh
size. The growth rate varies significantly when the maximum mesh size is varied from 0.7R
to 0.15R (see runs 1 and 2) but becomes almost constant when Sp,.x is smaller than 0.15R
(see runs 2 to 4). In turn, when the maximum mesh size is fixed to Smax = 0.075R, the
growth rate varies very little when the minimum mesh size Sy, is lower than 0.01R (see
runs 6 to 7). The mesh adaptation to the base vortex allows to use sufficiently fine meshes
in the vortex core while keeping a reasonable total number of triangles. In the following,
the numerical results are mostly computed for the mesh with the maximum size 0.075R and
minimum size 0.004R (run 3 or 7).

For comparison purposes we have also conducted some stability analyses of a columnar vor-
tex with base angular velocity €2 =exp(—r2). The vertical dependence of the perturbations
can then be expressed in terms of normal modes with a vertical wavenumber k. The equa-
tions (4.12) — (4.16) have been solved by means of Chebyshev pseudo-spectral collocation
method (Antkowiak & Brancher, 2004). The numerical code based on FreeFem++ and
SLEPc for a — oo has been also successfully checked against the Chebyshev code.

4.3 Some typical examples of spectrum

In this section, we show typical examples of spectrum and eigenmodes for the different
azimuthal wavenumbers m = 0,1, and 2. The Reynolds number will be fixed to Re = 10000
but the Froude number and aspect ratio will vary from one azimuthal wavenumber to the
other in order to show the most general spectrum for each m. To identify the instability,
the spectra are compared to the corresponding spectra of a columnar vortex for the same
control parameters (F}, Re). Detailed comparisons between the eigenmodes of columnar
and pancake vortices are also carried out.

4.3.1 m=0

Figure 4.1 shows an example of spectrum for the parameters m = 0, a = 1, Fj, = 0.5,
and Re = 10000. The frequency (w,) and growth rate (w;) are non-dimensionalized by
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Figure 4.1: Growth rate (w;/€) and frequency (w,/€) spectra for a pancake vortex (a = 1)
(O: for symmetric and * for anti-symmetric modes) and for a columnar vortex
(¢ = 00) (===) for m = 0, Fj, = 0.5, and Re = 10000. The mode (C,0)
corresponds to the most unstable mode of the columnar vortex.

the maximum angular velocity €2g. The unstable mode are displayed by symbols and are
labelled (m, i) where i denotes the ith mode. For each point, there are actually two modes
with a different symmetry with respect to z = 0: symmetric (O) and anti-symmetric (*). All
the modes have zero frequency. The real part of the radial velocity perturbation Re(u,)
of the most unstable anti-symmetric mode (marked (0,1) in figure 4.1) is depicted in figure
4.2a. The perturbation lies at the periphery of the vortex core r/R > 1 and in the central
region —0.5 < z/A < 0.5 along the vertical. A well-defined axial wavelength about A ~ 0.2A
can be seen. The symmetric mode marked as (0,3) (figure 4.2b) is similar to the mode (0,1)
but with a larger extent in the vertical direction —0.7 < z/A < 0.7 with a slightly smaller
wavelength A ~ 0.17A. The other modes (0,2), (0,4) and (0,5) have similar characteristics
as these two modes: they only differ by the number of nodes along the vertical.

To determine the origin of this instability, we consider the Rayleigh criterion for the cen-
trifugal instability extended to baroclinic vortices (Solberg, 1936; Eliassen & Kleinschmidt,
1957). Centrifugal instability is expected when the circulation decreases with the radius

along isopycnal surfaces

o — 1 (r?Q)?

BT <0, (4.19)
Pt

for some radius. The region where ® is negative for o = 1, Fj, = 0.5 is shaded in figure 4.3.
It extends from r = 1 to infinity with a minimum of ® reached near r = 1.2R and z = 0. As
shown by the dashed lines in figure 4.2, the modes are localized in this region. This shows
that these modes are due to the centrifugal instability. In order to further understand their
properties, the spectrum of a columnar vortex (a« = oo) has been computed for the same
parameters (m = 0, F, = 0.5, Re = 10000). It is plotted in figure 4.1 as a grey continuous
line. Although the spectrum is discretized for &« = 1 and continuous for o = oo since the
vertical wavenumber varies continuously, the maximum growth rate in both cases are very
close. Note that there exists a single unstable mode for each wavenumber in the columnar
case. The secondary centrifugal modes with more radial oscillations become unstable only
for larger Froude or Reynolds numbers. Furthermore, their growth rates are much smaller
than the primary modes both for columnar and pancake vortices.
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Figure 4.2: (color online) Real part of the radial velocity perturbation Re(u,) of (a) anti-
symmetric mode (0,1) and (b) symmetric mode (0,3) of figure 4.1. The radius
r and height z are rescaled with the radius R and half height A of the base
vortex, respectively. The dashed line represents the contour where the Rayleigh
discriminant ® vanishes. The dotted line indicates the contour where the angular
velocity §2 of the base vortex is 0.1€).

r/R

Figure 4.3: Contours of ®/|®,,i,| for « = 1, Fj, = 0.5. The regions where ® is negative are
shaded. The contour interval is 0.2.
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Figure 4.4: Growth rate (w;/€p) and frequency (w, /) spectra for a pancake vortex for
a = 0.5 (O: for symmetric and * for anti-symmetric modes) and for a columnar
vortex (===) for m = 1, F, = 1/3, and Re = 10000. The modes (C,1,1) and
(C,1,2) correspond to modes of the columnar vortex whose frequencies are the
same as the modes (1,1) and (1,5), respectively.

4.3.2 m=1

The symbols in figure 4.4 show a typical example of spectrum for m = 1, = 0.5, Fj, = 1/3,
and Re = 10000. Several unstable modes exist (labelled (1,1)—(1,7) using the same notation
as for m = 0). This time, all modes have non-zero frequency. Figure 4.5a shows the real part
of the radial velocity of the most unstable mode (1,1). The mode is maximum near /R = 1
and localized within —1 < z/A < 1 with a typical wavelength A\ ~ 0.57A. It resembles to the
m = 0 centrifugal modes (figure 4.2) except that the perturbations overshoot in the region
of positive generalized Rayleigh discriminant. The modes (1,2) and (1,3) are similar to the
mode (1,1) excepted that they exhibit more oscillations along the vertical. In contrast, the
mode (1,5) is different (figure 4.5b): the perturbation is localized within the vortex core
r/R < 1 and maximum near z = +A. The perturbation is mainly located in a region where
® is positive and is therefore probably not a centrifugal mode. To identify this instability, it
is useful to compare the spectrum to the one of a columnar vortex for the same parameters
(shown by a thick line in figure 4.4).

The maximum growth rate for a columnar vortex first increases with frequency and then de-
creases owing to viscous stabilization since the corresponding vertical wavenumber is large.
Figure 4.6a,b compare the radial profiles of the horizontal velocity (u,,ug) of the most un-
stable modes of the pancake and columnar vortices (labelled (1,1) and (C,1,1) in figure 4.4,
respectively). The profiles for the pancake vortex are taken at the level z,, where u, is maxi-
mum. The velocities are normalized to the maximum radial velocity in each case. We can see
that the profiles are very close confirming that the mode (1,1) originates from the centrifu-
gal instability. A similar comparison is made in figure 4.7 between the mode (1,5) and the
mode (C,1,2) of the columnar vortex (figure 4.4). The latter mode has been chosen for the
comparison since it has the same frequency as the mode (1,5). The radial velocity profiles
of these modes for the pancake and columnar vortices are very similar. For the columnar
vortex, the mode (C,1,2) corresponds to a mixed mode between the centrifugal instability
and the Gent-McWilliams instability. The latter instability comes from a destabilization of
the long-wavelength bending more by the critical layer where Q(r.) = w, when the vorticity
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Figure 4.5: (color online) Real part of the radial velocity perturbation Re(u,) of modes (a)
(1,1), (b) (1.5), (c) (1,4) and (d) (1,7) of figure 4.4. The dotted line indicates
the contour where the angular velocity of the base vortex is Q = 0.1€g. The
dashed line represents the contour where the Rayleigh discriminant ® vanishes.
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Figure 4.6: Comparison between the (a) radial u, and (b) azimuthal uy velocities of the
eigenmodes (C,1,1) of columnar (thick grey lines) and (1,1) of pancake vortices
(light black lines) in figure 4.4. —; Real and —; Imaginary parts.
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Figure 4.7: Same as in figure 4.6 but for the modes (C,1,2) and (1,5).

gradient is positive ¢'(r.) > 0 (Yim & Billant, 2015). We can notice that the radial and
azimuthal velocity components of the perturbation are non-zero on the axis in contrast to
the centrifugal mode (1,1) (figure 4.5a). Thus, the perturbation will partially bend the vor-
tex. For a strongly stratified non-rotating columnar vortex, such bending mode transforms
continuously into a centrifugal mode explaining why there is a single continuous branch in
figure 4.4. However, in presence of strong rotation, the centrifugal instability disappears
and only the Gent-McWilliams instability (also called internal instability) remains (Gent
& McWilliams, 1986; Smyth & McWilliams, 1998; Yim & Billant, 2015). For the stratified
pancake vortex, a continuous transition is also observed: the modes (1,4) and (1,6) exhibit
also the characteristics of the centrifugal mode and but with a non-zero velocity on the axis
like the mode (1,5) as seen in figure 4.5¢c. Interestingly, these modes seem to concentrate in
the regions where the vertical shear |0Vjy/0z| is maximum |z| = r ~ 0.71. The mode (1,7)
in figure 4.4 has a very small growth rate and its frequency is slightly negative. As shown in
Appendix 4.C, the radial velocity of this mode (figure 4.5d) is almost identical to the base
angular velocity. It corresponds to the displacement mode which derives from translational
invariance and translates the base flow horizontally (see Appendix 4.C).
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Figure 4.8: Growth rate (w;/€o) and frequency (w,/€) spectra for a pancake vortex (o =
1.2) (O: for symmetric and * for anti-symmetric modes) and for a columnar
vortex (a = 0o) (===) for m = 2, Fj, = 0.5, and Re = 10000. The modes (C,2,1)
and (C,2,1) correspond to modes of the columnar vortex whose frequencies are
the same as the modes (2,1) and (2,3), respectively.

4.3.3 m=2

Figure 4.8 shows an example of spectrum for m = 2, Fp, = 0.5, and Re = 10000. For a
pancake vortex with aspect ratio & = 1.2, there are three unstable modes (labelled (2,1)—
(2,3)). The radial velocity perturbation of the most unstable mode (2,1) is shown in 4.9a.
The perturbation is maximum near /R = 1 and localized within —0.5 < z/A < 0.5 with
a typical wavelength A ~ 0.26A. In the vortex core, it resembles closely the most unstable
centrifugal modes for m = 0 (figure 4.2a) and m = 1 (figure 4.5a). However, inclined rays
can also be seen outside the vortex core. We shall see in §4.4.2 that these perturbations
outside the vortex core correspond to internal gravity waves radiated by the centrifugal
mode. For m = 1, such radiation of internal waves also exists but their amplitude is too
weak to be visible in figure 4.5a. The mode (2,2) in figure 4.8 is a centrifugal mode similar
to the mode (2,1) but the mode (2,3) is different. As seen in figure 4.9b, its radial velocity
is localized in the core and does not exhibit many oscillations along the vertical. For a
columnar vortex, the spectra possess two separate branches (thick grey lines in figure 4.8).
The branch near w, ~ 0.45)y corresponds to the centrifugal instability while the one near
wy = 0.27€) corresponds to the shear instability.

We see that there is a good correspondence with the spectrum of the pancake vortex. This
confirms that the modes (2,1) and (2,2) are centrifugal modes and shows that the mode (2,3)
is due to the shear instability. In addition, the radial velocity profiles of the eigenmodes of
columnar and pancake vortices are very close both for the centrifugal (figure 4.10) and shear
(figure 4.11) instabilities. Oscillations for large radius corresponding to radiations of gravity
waves are also observed for the centrifugal mode of the columnar vortex (figure 4.10a).

4.4 Parametric study on the most unstable mode

In this section, we investigate the effects of the three main control parameters (a, F},, Re) on
the most unstable mode of each instability type for m = 0, 1,2. The control parameters are
varied only in the range Fj, /o <exp(3/4)/v/2 ~ 1.5, ensuring that the total density gradient
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Figure 4.9: (color online) Real part of the radial velocity perturbation Re(u,) of (a) mode

Re(u,), Im(u,.)

(2,1) and (b) mode (2.3) of figure 4.8. The dotted line indicates the contour
where the angular velocity of the base vortex is 2 = 0.1€)g. The dashed line
represents the contour where the Rayleigh discriminant ® vanishes.
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Figure 4.10: Comparison between the (a) radial u, and (b) azimuthal uy velocities of the
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eigenmodes (C,2,1) of columnar (thick grey lines) and (2,1) of pancake vortices

(light black lines) in figure 4.8. —; Real and —; Imaginary parts.
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Figure 4.11: Same as in figure 4.10 but for the modes (C,2,2) and (2,3).
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Figure 4.12: (a) Growth rate and (b) frequency of the most unstable modes of each instability
type as a function of «, for Fj, = 0.5 and Re = 10000. Centrifugal modes: —e—;
m = 0, —%—; m = 1,——; m = 2; Shear mode: @, m = 2.

Opi/0z = —poN?/g + Opy/Oz is everywhere negative. When Fy/a > 1.5, the maximum
density gradient which is located at r = 0, z = £+/3/2, is positive so that the gravitational
instability can occur.

4.4.1 Effect of the aspect ratio

When the aspect ratio is increased from o = 0.35 to @ = 2 for F} = 0.5, Re = 10000, the
growth rate of the most unstable centrifugal modes for m = 0, 1 and 2 increase slightly while
the corresponding frequencies are almost constant (figure 4.12). The lower limit o = 0.35
corresponds to the appearance of the gravitational instability. It is interesting to notice that
the overall most unstable centrifugal mode for these parameters is not the axisymmetric
mode but the azimuthal wavenumber m = 1. The growth rate of the most unstable shear
mode (m = 2) is positive only for a > 1 and increases with «. The most unstable centrifugal
eigenmode and shear eigenmode for m = 2 are displayed in figure 4.13 for different values
of the aspect ratio. The vertical scale is non-dimensionalised by R instead of A in order
to have the same reference vertical scale for the three plots. Hence, we can see that the
wavelength of the centrifugal instability (figure 4.13a-c) is approximately the same whatever
« but the number of oscillations along the vertical increases as the vortex becomes taller.
Correspondingly, the number of distinct centrifugal modes increases with a since the vertical
confinement decreases: for example for m = 2, for a« = 0.5 there is one unstable mode; for
a = 1, two modes and for o = 2, five modes (not shown). In contrast, the height of the
shear mode (figure 4.13d-e) is proportional to the aspect ratio.

4.4.2 Effect of the Froude number

Figure 4.14 shows that the growth rate of the most unstable centrifugal modes for m =
0,1,2 increase with the Froude number for @« = 1, Re = 10000. The growth rates seem
to asymptote to constant values as the Froude number increases but the pancake vortex
becomes gravitationally unstable beyond Fy = 1.5 for a = 1. The centrifugal modes for
m = 0 and m = 2 are stabilized when the Froude number goes below Fj = 0.3 — 0.35. In
contrast, the centrifugal mode m = 1 continues to be unstable for smaller Froude number.
Hence, the mode m = 1 is the most unstable mode when Fj < 0.8 while the axisymmetric
mode is most unstable only above this threshold. The shear mode for m = 2 exists when
Fy, < 0.5 and its growth rate increases as the Froude number decreases. As seen in figure
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Figure 4.13: (color online) Real part of the radial velocity perturbation Re(u,) of the most
unstable mode for different aspect ratios: the centrifugal instability for m = 2
for (a) « = 0.5, (b) @ =1, (¢) a = 2 and the shear instability for m = 2 for (d)
a=1, (e) a =2 for F, = 0.5 and Re = 10000. The dotted line indicates the
contour where the angular velocity of the base vortex is 2 = 0.1€g. Note that
the vertical scale is not scaled by A as before but by R.

4.14b, the frequencies of the modes are almost independent of the Froude number except
for m = 1 for low Froude number F}; < 0.5. The most unstable eigenmodes for m = 1
and m = 2 and are shown in figure 4.15 for different Froude numbers. When F}, decreases,
the location of the maximum of the eigenmode for m = 1 (figure 4.15a,b,c) moves from
r/R = 1 to the axis r = 0. Thus, the centrifugal mode transforms continuously into a
bending mode (Gent & McWilliams instability) as Fj, decreases. In contrast, the centrifugal
instability for m = 2 (figure 4.15d-f) remains at the same radial location but the angle 6
of the rays with respect to the vertical decreases when the Froude number increases. This
angle is in good agreement with the dispersion relation of internal waves cos § = w,./N where
wy =~ 0.45 is the frequency of the centrifugal mode. Therefore, the perturbations outside
the vortex core correspond to internal waves forced by the centrifugal instability. We can
also notice in figure 4.15d-f that the typical wavelength of the centrifugal mode for m = 2
increases slightly with the Froude number: A ~ 0.28A(F}, = 0.4); A\ ~ 0.34A(Fj, = 1) and
A >~ 0.36A(Fj, = 1.5). The height of the shear mode (figure 4.15g-1) also increases weakly
with the Froude number.

4.4.3 Effect of Reynolds number

Finally, figure 4.16 shows the dependence of the growth rate and frequency of the most
unstable modes on the Reynolds number for a fixed aspect ratio and Froude number: a =
0.5, F, = 0.5. The general tendency with Re is similar to the one with the Froude number:
the growth rate of the centrifugal modes increases with Re for all azimuthal wavenumber
m and asymptotes to a constant. For Re < 30000, the centrifugal mode m = 1 is the most
unstable mode while it is the axisymmetric mode above. The centrifugal modes for m = 0
and 2 are both stabilized when Re < 5000 whereas m = 1 remains unstable even for small
Re. The eigenmode for m = 1 then changes gradually to the bending mode. The shear mode
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Figure 4.14: (a) Growth rate and (b) frequency as a function of Fy, for « = 1 and Re =
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Figure 4.15: (color online) Real part of the radial velocity perturbation Re(u,) of the most

unstable modes for different Froude numbers: the centrifugal instability for
m =1 for (a) Fj, = 0.06, (b) F}, = 0.14 and (c) F}, = 0.25, for the centrifugal
instability m = 2 for (d) Fy = 0.4, (e) Fj, = 1, (f) F}, = 1.5, and the shear
instability for m = 2 for (g) F, = 0.1, (h) F, = 0.25 and (i)Fj, = 0.4 fora =1
and Re = 10000. The dotted lines indicate the contour where the angular
velocity of the base vortex is 2 = 0.1.
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Figure 4.16: (a) Growth rate and (b) frequency as a function of Re, for o = 0.5 and F}, = 0.5.
Centrifugal modes: ——; m =0, —=—; m = 1,—e—; m = 2.

for m = 2 is not present for any Reynolds number for the parameters o = 0.5, Fj, = 0.5.
The reasons why will be explained in section 4.6. Figure 4.17 shows the radial velocity of
the dominant eigenmode for m = 1 and m = 2 for different Re. As observed when F},
decreases (§4.4.2), the centrifugal mode for m = 1 (figure 4.17a,b,c) changes continuously
into a bending mode when Re decreases. The typical wavelength increases significantly as re
increases. Regarding the centrifugal mode for m = 2 (figure 4.17d,e,f), the typical vertical
wavelength clearly decreases with Re: A = 0.3A,0.2A and 0.13A, for Re = 8000, 30000
and 100000, respectively. However, the number of oscillations along the vertical remains
approximately the same leading to a concentration of the mode toward the mid-plane z = 0.

4.5 Scaling laws for the growth rate of the centrifugal insta-
bility

Billant & Gallaire (2005) have derived an asymptotic formula for the growth rate of the
centrifugal instability for columnar vortices for large vertical wavenumber (k > 1) in the

inviscid limit: W
w=w?®_% N+O<1>, (4.20)

%2
where

w® = mQ(ro) +iv/—(ro), (4.21)
L _ @n D) \/<z>"<ro> — 2m20 (r0)? + 2im/=3(r0) 2" (r0) [, 9(r0)

RN — (o) Nz (4%

with n a non-negative integer, ¢ = 200 and rg is given by

¢ (ro) = —2im&Y (ro)/—d(ro). (4.23)

Here, we show that the formula (4.20) can be used to predict the growth rate of the centrifu-

gal instability in pancake vortices. First, since the centrifugal instability is most unstable in

the limit £ — oo in inviscid fluids, viscous effects can be easily taken into account at leading

order in k by adding a damping term of the form vk? (Lazar et al., 2013b). Thus, (4.20)

becomes at leading order:

wN
k

w— O _

— ik (4.24)
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Figure 4.17: (color online) Real part of the radial velocity perturbation Re(u,) of the most
unstable mode for different Reynolds numbers: for m = 1 for (a) Re = 1000,
(b) Re = 2000 and (c) Re = 30000 and for m = 2 for (d) Re = 8000, (e)
Re = 30000, (f) Re = 100000 for o = 0.5 and Fj, = 0.5. The dotted lines
indicate the contour where the angular velocity of the base vortex is {2 = 0.1€2.

Using (4.24) and imposing

8wi
= 4.2
we can deduce that the most amplified wavenumber is given by
(1) 13
w; ' ReR
max{il = —— 5 4.2
- () "

where n should be set to zero in (4.22) to have the most unstable mode. Substituting k;,qx
into (4.24) gives the maximum growth rate,

Q 2/3
(Wi)max = w§°) - 2270 <w£1)R> . (4.27)
F; Rel/3 2

For small Froude number Fj, (i.e. large N), w® becomes independent of F},. Hence, (4.27)
shows that the maximum growth rate of the centrifugal instability is a linear function of
(F ,?Re)_l/ 3. In other words, the maximum growth rate is only a function of the buoyancy
Reynolds number R = ReF, }% and independent of the aspect ratio. The same result applies
to the corresponding frequency:

wr = w® — 2R)V30wM /(wIR)3, (4.28)

Figure 4.18 shows the growth rate and frequency of pancake vortices (symbols) as a function
of (F}%Re)_l/ 3 for different Reynolds number, Froude numbers and aspect ratios. They
all gather on a single curve for each azimuthal wavenumber m = 0,1,2. The theoretical
prediction (4.27) is also plotted with thin grey lines. It agrees quite well with the numerical
results for pancake vortices for m = 0 and m = 2. However, the growth rate for m = 1
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Figure 4.18: (color online) Maximum growth rate (a) and corresponding frequency (b) of
the centrifugal instability as a function of (F; ,%Re)_l/ 3 for pancake vortices for
m = 0 (red symbols), m = 1 (blue symbols) and m = 2 (green symbols) for
different control parameters. The grey thin lines show the theoretical prediction
(4.27) and the light black lines correspond to numerical results for a columnar
vortex for Fj, = 0.5 and various Re. The different symbols correspond to: e
various Re for a = 0.5, Fy, = 0.5; mvarious Fj, for « = 0.5, Re = 10000; 4 various
Fj, for a = 1, Re = 10000; + various F}, for o = 0.5, Re = 30000; x various « for
Fp, = 0.5, Re = 10000;¢ various « for Fy, = 0.5, Re = 50000.

decreases with (F; ,?Re)*l/ 3 slower than predicted. The growth rate and frequency computed
for a columnar vortex for Fj, = 0.5 and various Re are also shown in figure 4.18 by thick
black lines. They also agree with the predictions of (4.27) except for m = 1 for which
the decrease of the growth rate with (F) ,?Re)_l/ 3 is also slower than predicted. This slow
decrease for large (F, }%Re)*l/ 3 is due to the transition between the centrifugal and bending
modes for long-wavelength. The formula (4.24) no longer applies in this limit. From figure
4.18, we can deduce that the centrifugal instability for m = 0 and m = 2 is stabilized when
R = ReF? < 1000 while the mode m = 1 becomes stable only when R < 16. The mode

~

m = 1 is more unstable than m = 0 when R < 4600.
4.6 Condition of existence of the shear instability
In section 4.4, we have observed that the shear instability for m = 2 does not always

exist depending on the aspect ratio and Froude number. The purpose of this section is
to derive a condition for its existence. To this end, we first consider the stability of a
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Figure 4.19: Growth rate for m = 2 for a columnar vortex as a function of the rescaled axial
wavenumber kRFj, (a) for different Froude numbers F}, at fixed Re = 10000:

---, Fp, =0.1;, Fy, = 0.35; —, F}, = 0.5; ==~ Fj, = 1. (b) For different
Reynolds numbers Re at fixed Fj = 0.5: ----, Re = 2000; , Re = 5000; —,
Re = 10000.

columnar vortex for different F} and Re. Figure 4.19a shows the growth rate for m = 2
as a function of the rescaled axial wavenumber kRF} for different Froude numbers for
Re = 10000. There exist two distinct branches: the shear instability for kRF} < 1.6 and
the centrifugal instability for kRFp > 5. The shear instability is most unstable in the
2D limit (k = 0) while the centrifugal instability is intrinsically 3D. Even if the Froude
number is varied, the growth rate curves for the shear instability remain almost identical
when represented as a function of kRFj, as reported by Deloncle et al. (2007) for parallel
horizontally sheared flows. In contrast, the centrifugal instability branch varies greatly
with Fj, and becomes more unstable as F} increases because its maximum growth rate
is a function of F?Re for small F}, as shown by (4.27). The scaling of the shear branch is
consistent with the self-similarity of strongly stratified flows (Billant & Chomaz, 2001). Such
scaling applies as long as the Froude number is small and viscous effects, as measured by
the buoyancy Reynolds number ReF?, are negligible. This is the case of all the parameters
investigated in figure 4.19 except Fj = 0.1. The growth rate of the shear instability for
this Froude number departs slightly from the others because of viscous effects. Similarly,
figure 4.19b shows the growth rate for m = 2 for different Reynolds numbers for a fixed
Froude number Fj, = 0.5. Similar behaviours are observed, the shear instability branch is
almost independent of the Reynolds number provided that the buoyancy Reynolds number
is not too small. In contrast, the centrifugal instability branch is strongly dependent of Re.
Because of these different behaviours, the shear instability becomes most unstable for small
Froude numbers (see the curve for Fj, = 0.35 and Re = 10000 in figure 4.19a) and small
Reynolds numbers (see the curve for Re = 5000 and F}, = 0.5 in figure 4.19b).

Nevertheless, the shear instability is always present in columnar vortices for the range of
parameters investigated. In order to explain why it is absent for some parameters for
pancake vortices, confinement effects have to be considered. Figure 4.19 shows that the
upper wavenumber cutoff of the shear instability is kR = 1.6/F},. In other words, the
minimum wavelength is \,, >~ 4F, R. Since the typical thickness of the pancake vortex is
L, ~ 2A, a condition for the existence of the shear instability is that at least one wavelength
fits along the vertical A\, < Ly, i.e.

— < 0.5. 4.29
< (429)
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Figure 4.20: Growth rate of the most unstable shear (colored filled symbols) and centrifugal
(grey open symbols) modes as a function of Fj/« for different Fj, for fixed
a and Re: —— «a = 0.5, Re = 10000,-4- o = 0.5, Re = 30000;-¢- o = 1,
Re = 10000; -e- o = 1.2, Re = 10000 and for different o for Fj, = 0.5 and
Re = 10000 =,

Figure 4.20 summarizes the growth rate of the most unstable shear and centrifugal modes
for m = 2 as a function of F},/« for various combinations of Fj, Re and . The growth rates
of the shear instability collapse approximately into a single curve. This curve has the same
shape as the growth rate curve of the shear instability as a function of kRF}, for a columnar
vortex (figure 4.19). Furthermore, the growth rate goes to zero for Fj, /o = 0.5 in agreement
with (4.29). Hence, the shear instability is not present in figure 4.16 because the Froude
number Fj, = 0.5 and aspect ratio o = 0.5 do not meet the criterion (4.29). In contrast,
the growth rate of the most unstable centrifugal mode for m = 2 varies in a disorganized
way when represented as a function of Fj,/a (grey symbols in figure 4.20). This should be
contrasted to figure 4.18 where a very good collapse for the centrifugal mode was observed
when plotted as a function of (FZRe)™'/3.

Finally, figure 4.21 shows the growth rate for m = 2 as a function of Re for Fj,/a = 0.41, i.e.
when (4.29) is satisfied. Both centrifugal (dashed line) and shear (solid line) instabilities
exist. The growth rate of the centrifugal instability strongly depends on Re and vanishes
when Re < 5500 while the growth rate of the shear instability is independent of Re for
Re > 7000 but eventually goes to zero around Re = 3000.

4.7 Instabilities specific to pancake vortices

In the previous sections, we identified and characterized the centrifugal and shear insta-
bilities in pancake vortices by comparison to their counterparts in columnar vortices. We
restricted the parameter range to Fj/a < 1.5 in order to avoid the occurrence of the grav-
itational instability. In this section, we now focus on the range of parameters close to
F/a = 1.5. We shall see that another type of instability can occur in addition to the
gravitational instability.

Figure 4.22 shows two examples of spectra for two different Froude numbers such that:
Fp/a = 1.49 and Fp/a = 1.67 for otherwise the same parameters: o = 0.5, m = 2 and
Re = 10000. In figure 4.22a, there exist two distinct groups of modes which have different
frequencies: the first group (labelled CI) is located around w, /€y = 0.4 while the second
group (labelled BI) is around w,/Qp = 0.8. The maximum growth rate of these two groups
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Figure 4.21: Growth rate as a function of Re for m = 2 for « = 1.2, Fj, = 0.5: - ©- most
unstable centrifugal mode; —s— most unstable shear mode.
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Figure 4.22: Growth rate (w;/Qp) and frequency (w,/€) spectra for a pancake vortex (O:
for symmetric and * for anti-symmetric modes) for (a) Fj/a = 1.49 (b) Fj,/a =
1.67 for the same parameters m = 2, « = 0.5 and Re = 10000.

are comparable for these parameters. Two distinct groups are also seen for Fj/a = 1.67
(figure 4.22b), i.e. when the parameters are above the threshold for the gravitational insta-
bility. The frequencies are approximately the same as for Fj,/a = 1.49 but the second group
near w, /{2 = 0.8 (labelled GI) has now a much larger maximum growth rate.

Figure 4.23 shows the radial velocity perturbation of the CI and BI modes labelled (2,2a),
(2,1a) and (2,3a) in figure 4.22a. The thick dashed line in figure 4.23 indicates the con-
tour where the generalized Rayleigh discriminant changes sign. The CI mode (2,2a) is a
centrifugal mode with similar characteristics as those described previously. The BI mode
(2,1a), however, shows different properties. The mode is concentrated near r/R = 0 and
z/A = £0.7 which is near the regions of maximum total density vertical gradient. Yet, the
flow is stable to gravitational instability since F}/a = 1.49 < 1.5. The second BI mode
(2,3a) is located in the same regions but exhibits more radial oscillations and some internal
rays.

The GI and CI modes (2,1b), (2.5b) and (2,8b) of figure 4.22b are shown in figure 4.24.
The GI mode (2,1b) (figure 4.24a) is localized in the regions delimited by thick dashed lines
where the vertical gradient of total density dp;/0z is positive. This proves that this mode
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Figure 4.23: (color online) Real part of the radial velocity perturbation Re(u,) for Fj/a =
1.49,m = 2, Re = 10000, o = 0.5 of the modes: (a) (2,2a) (b) (2,1a) (c) (2,3a)
(see figure 4.22a). The thick dashed line represents the contour where the
Rayleigh discriminant ® vanishes. The dotted line indicates the contour where
the angular velocity of the base vortex is €2 = 0.1{2y. The potential vorticity
radial gradient along isopycnal changes sign on the double dotted dashed lines.

corresponds to the gravitational instability. The GI mode (2,5b) (figure 4.24b) shows more
complicated structures but is also localized near the regions of positive vertical gradient of
total density. The phase velocity of these gravitational modes w,/m ~ 0.45Q is close to
the angular velocity of the base flow Q ~ 0.47Qq at the point (r = 0,z = v/3/2A) where the
total density vertical gradient is maximum.

The CI mode (2,8b) is a centrifugal mode similar to mode (2,2a) shown in 4.23a. Figure 4.25a
shows the growth rate of the most unstable BI modes as a function of F},/a in the vicinity
of the threshold Fj, /o = 1.5 for different m for two different fixed aspect ratios o = 0.4 and
a = 0.5 for varying F},, and for fixed Fj, = 0.74 for varying a and Re = 20000. As can be
seen, the azimuthal wavenumbers m = 1, 2,3 are unstable but not m = 0 and m > 4. The
growth rates are mostly a function of F}/a only for all m. The curve for m = 3 and a = 0.4
departs however slightly from the two other curves. BI modes only exist in a small range:
1.43 < Fp/a < 1.5, i.e. just below the threshold for the gravitational instability. This means
that BI modes are unstable only when the isopycnals are strongly deformed. Figure 4.25b
further shows that the growth rates of the BI modes decrease when the Reynolds number
decreases for a fixed aspect ratio and Froude number o« = 0.5, Fj, = 0.74. When Re < 3000,
BI modes are stable.

In order to understand the origin of BI modes, figures 4.26b,c show the total base density p;
for the same Froude numbers Fj, /o = 1.49 and F},/a = 1.67 as in figure 4.22. The density
p¢ for a smaller Froude number Fj,/a = 1.33 is also displayed for comparison (figure 4.26a).
When F},/« increases, the isopycnals are more and more deformed in the vortex core due to
the thermal-wind relation (4.6). This suggests that BI modes could be due to the baroclinic
instability. A necessary condition for the baroclinic instability is that the potential vorticity

gradient along isopycnals

oIl oIl o oIl o

] [ SOt (4.30)

or|, Ordz 0z 0r
changes sign somewhere in the flow (Hoskins et al., 1985; Eliassen, 1983). The potential vor-
ticity reads IT = wy-V p; where wy, is the base vorticity wy, = —9(rQ) /0ze,+1/r0(r*Q) /ore..
The double dotted dashed lines in figure 4.23 indicate the contours where (4.30) vanishes.
The BI modes are located in the vortex core in the vicinity of the lines. This strongly sug-
gests that BI modes are due to the baroclinic instability. However, the condition (4.30) is
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0.5

-0.5

Figure 4.24:

(color online) Real part of the radial velocity perturbation Re(u,) for Fj,/a =
1.67,m = 2, Re = 10000, = 0.5 of the modes: (a) (2,1b), (b) (2,5b) and (c)
(2,8b) (see figure 4.22b). The thick dashed line represents the contour where
the Rayleigh discriminant & vanishes. The thick dash dotted line delimits the
regions where the vertical gradient of total density Op;/0z is positive. The
dotted line indicates the contour where the angular velocity of the base vortex
is Q = 0.1Qy. The potential vorticity radial gradient along isopycnal changes
sign on the double dotted dashed lines.
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Figure 4.25:
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Growth rate of the most unstable BI modes as a function of (a) Fj/a: for
a =04 =» a=05—and F;, = 0.74 -%x- and Re = 20000 and (b) as a
function of Re for a« = 0.5 and Fj, = 0.74 for different azimuthal wavenumbers:
- m=0,—— m=1 —e=m =2 and =8= m = 3.
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Figure 4.26: Isopycnals of the base vortex for o« = 0.5 for different Froude numbers (a)
Fn/a=1.33, (b) Fr/a =149, (c) Fy/a = 1.67. The vertical gradient of total
density 0p;/0z = 0 vanishes on the thick dashed line --- in (¢). The dotted
lines -+ indicate the contour where the angular velocity of the base vortex
is 2 = 0.1Q9. The potential vorticity radial gradient along isopycnals changes
sign on the double dotted dashed lines.

also satisfied for F},/a = 1.33 (figure 4.26a) and continues to be satisfied as Fj, /a decreases
further while BI modes disappear for Fj,/a < 1.43 for & = 0.5 and Re = 20000 (figure
4.25a).

To understand this, it is interesting to consider a simple model consisting in a vortex with
uniform angular velocity along the radial direction but varying linearly along the vertical
direction:

Q= QO - le, (431)

where Qg and Q; are constants. The corresponding base density is given from the thermal-
wind relation (4.6) as

b = %ﬂﬁl(fzo —Oy2). (4.32)

Such angular velocity and density fields are the simplest local approximation of the base
flow in the regions where the BI modes develop. For simplicity, we further consider that the
base flow (4.31) - (4.32) is bounded in a rigid cylinder of radius R and height H between
z=—H/2 and z = H/2. We also assume that the vertical variations of the angular velocity
are weak, i.e. M H < Q. In appendix 4.A, it is shown that the linearized equations (4.12)—
(4.16) in the inviscid limit can be approximated at leading order in ) by a single equation
for the pressure

10 ( op m? -20%7] .
ror (Tﬁr> + [702 +4F, 52| P= 0+ O(fh), (4.33)

where Fj, = Q/N. The general solution of (4.33) which is finite at r = 0 is
p = Jon(2F,kr)[A cosh kz 4+ Bsinh kz], (4.34)

where J,,, is the Bessel function of order m of the first kind and A and B are constants. By
imposing that the vertical velocity vanishes at the top and bottom: u,(z = £H/2) = 0, we
obtain the dispersion relation

w=mQ + ml?l\/(1 — g tanl}fgﬂ/m) (1 - kHtanl;(kH/2)>. (4.35)
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This relation is very similar to the well-known dispersion relation for the baroclinic instability
of a linear shear flow in quasi-geostrophic fluid (Eady, 1949). In order that the normal
velocity vanishes at r = R, we have also to impose

2FLER = fimn, (4.36)

where fi,, », is the nth root of the Bessel function of the first kind of order m. As it is well-
known from the Eady problem (Vallis, 2006), (4.35) requires kH < 2.4 to have an instability.
Combining this condition with (4.36) gives therefore

(4.37)

where & = H/R is the aspect ratio of the base vortex. Since i, , > p1,1 = 3.83, (4.37) gives
the condition for instability F, /& > 0.8. Below this threshold, the unstable modes predicted
by (4.35) are too large to fit inside the cylinder containing the base flow. Although this model
is very crude, it explains qualitatively why the baroclinic instability for the Gaussian vortex
(4.1) develops only when the vertical Froude number F},/« is above a critical value.

4.8 Instability map for Re < 10000

In this section, we build a map of the domains of existence of the different instabilities in
the parameter space (Re, Fj,) summarizing the results derived in the previous sections. We
focus on the ranges of Reynolds numbers Re < 10000 and low Froude number Fj, < 0.5«
which pertains to laboratory experiments in the strongly stratified regime. The centrifugal
instability has been found to occur when R = ReF,% > 1000, 16 and 1600 for m = 0,1, and
2, respectively. These thresholds are shown by solid lines in figure 4.27a,b,c for m =0, 1, 2,
respectively. A symbol is plotted in these figures for each parameter combination (Re, Fy)
that has been computed numerically for the aspect ratio a = 0.5. The different symbols
indicate if an instability exists or not and its nature. As seen in figures 4.27a and 4.27c,
the threshold for the centrifugal instability in terms of the buoyancy Reynolds number R
discriminates well the centrifugally unstable and stable domains for m = 0 and m = 2.
For m = 1, the threshold ReF, f = 16 departs slightly from the observed limit between the
stable and unstable regions for moderate Reynolds numbers. This threshold, which has
been derived from results for Re > 10000 (see figure 4.18), is therefore more approximative
for moderate Re. For m = 2, the shear instability develops when Fj, < 0.5« for large Re
(dashed line in figure 4.27c). For low Re, this threshold becomes dependent of the Reynolds
number and the dashed line corresponds to an empirical fit to the observations. Finally,
when Fj, > 1.5a (dotted lines), the gravitational instability can develop for any azimuthal
wavenumber. For Froude number just below this threshold, the baroclinic instability can
also occur for m > 1 for sufficiently large Reynolds number.

All these thresholds are plotted together in a single diagram in figure 4.27d for the aspect
ratio @ = 0.5. Only low Reynolds numbers are stable. The maximum Reynolds number
Rejs which is stable is given by the crossing of the thresholds for the shear instability and
the m = 1 centrifugal instability, i.e. 0.5a ~ 4/v/Reys giving Reys ~ 63/a?. Hence, the size
of the stable domain depends strongly on the aspect ratio.

4.9 Comparison to previous works
It is now possible to attempt some comparisons between the present results and the labo-

ratory experiments of Flor & van Heijst (1996) and the numerical simulations of Beckers
et al. (2003).
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Figure 4.27: Stability diagram for a = 0.5 as a function of Re and F}, for different azimuthal

wavenumber m: (a) m = 0, (b) m = 1, (c) m = 2. The symbols indicate: *
centrifugal instability, = shear instability, 4 baroclinic instability and = stable.
The solid lines represent the thresholds for the centrifugal instability: —
F,?Re = 1000 for m = 0; FﬁRe = 16 for m = 1; F,fRe = 1600 for m = 2.
The dashed line --- in (c) is fitted curve to numerical results and shows the
threshold for the shear instability. (d) Schematic diagram of stability for all
azimuthal wavenumbers. —— centrifugal instability (CI) threshold for each
m; --- shear instability (SI) threshold for m = 2; ---- baroclinic instability
(BI) and - gravitational instability (GI) threshold. Note that for m = 1,
due to the bending mode which is unstable in the long-wavelength limit, the
centrifugal instability (CI) threshold is also marked with bending mode (BM).
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Flér & van Heijst (1996) have observed unstable monopolar vortices that evolved into mul-
tipolar vortices when F' = Vijax/NRpax > 0.1, where Vipax and Rpyax are the maximum
azimuthal velocity and corresponding radius. In the case of the profile (4.1), we have
Fp = 1.7F. Since the aspect ratio of their vortices is around unity a ~ 1, the condition
F > 1 corresponds to Fp/a > 0.17. At first sight, this seems incompatible with the con-
dition derived herein for the existence of the shear instability Fj/a < 0.5. However, the
laboratory experiments of Flor & van Heijst (1996) are for low Reynolds numbers O(100)
so that the lower left part of the stability diagram for m = 2 (figure 4.27c) should be con-
sidered. Furthermore, the Reynolds number varies together with the Froude number since
it is the maximum velocity which is varied. Hence, we travel along a straight oblique line
starting from the origin in figure 4.27¢c. If the slope of this line is not too high, it is therefore
possible to enter the unstable domain as the Froude number increases. This would mean
that the stabilization observed by Flor & van Heijst (1996) for F' < 0.1 is mostly due to
viscous effects.

Beckers et al. (2003) have also performed experiments and numerical simulations on pancake
vortices with an aspect ratio o ~ 0.4. In their numerical simulations, they have not observed
any instability for the profile (4.1) in the Reynolds number range [500, 10000] and Froude
number range [0.1,0.8]. Their definitions of the Reynolds and Froude numbers are related
to our definitions by: Re = VR/v = 2ay/TRe and F = V/RN = 2a/mF}, since they have
taken as velocity scale V' = 2,/mAQy. Hence, using our definitions of Re and F}, these
ranges correspond to 340 < Re < 6700 and 0.2 < Fj/a < 1.3. Therefore, according to
our results, they should have observed the shear instability when Fj/a < 0.5 and Re is
sufficiently large. However, Beckers et al. (2003) have obtained their results from perturbed
non-linear simulations. Thus, the base vortex decays during the simulations and could
become rapidly attenuated since viscous effects due to vertical shear scale like 1/(a?Re)
and can be significant for small aspect ratio even if the Reynolds numbers Re is large. In
contrast, for steeper angular velocity profiles with ¢ > 3, Beckers et al. (2003) observed the
shear instability when the Reynolds number is sufficiently large. Furthermore, they reported
that the growth rate of the shear instability decreases when the Froude number increases
which is consistent with our results.

4.10 Conclusions

In this paper, we have investigated the stability of an axisymmetric pancake vortex with
Gaussian angular velocity in both radial and vertical directions in a stratified fluid. The
instabilities of columnar vortices such as the centrifugal and shear instabilities have been
observed in spite of this pancake shape. The maximum growth rate of the centrifugal
instability is almost independent of the aspect ratio o meaning that it is weakly affected by
the pancake shape. The asymptotic formula for the growth rate of the centrifugal instability
for short-wavelength derived by Billant & Gallaire (2005) for inviscid columnar vortices
has been extended to viscous fluids and applied to pancake vortices. It shows that the
maximum growth rate for each azimuthal wavenumber m = 0,1,2 depends only on the
buoyancy Reynolds number R = ReF,% in good agreement with the numerical results for
pancake vortices. The critical Froude number for the apparition of the centrifugal instability
is therefore of the form Fj, = ¢/v/Re, where the constant ¢ depends on m. We have also
found that the azimuthal wavenumber m = 1 is more unstable than the axisymmetric mode
for moderate buoyancy Reynolds numbers R < 4600. In contrast, the shear instability
occurring for m = 2, is strongly affected by the pancake shape and observed only when
Fp < 0.5« for sufficiently large Reynolds number. This condition can be understood by
considering again the columnar configuration: it ensures that the vortex thickness is larger
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than the minimum wavelength A, ~ 4F} R of the shear instability for a columnar vortex for
the same parameters. For m = 1, a displacement mode exists with almost zero frequency
and growth rate.

Two other instabilities specific to the pancake shape have been found. They are due to
the deformations of the isopycnals of the base flow. The gravitational instability can occur
when the isopycnals overturn, i.e. when F} > 1.5a. For Froude numbers just below this
threshold F} > 1.43«, the baroclinic instability have been also observed. In order to explain
this threshold, we have considered a simple model consisting in a sheared vortex with an
angular velocity uniform in the radial direction but varying linearly and weakly along the
vertical. When the vortex is assumed to be bounded in a cylinder of radius R and height H,
the baroclinic instability occurs only when the vertical Froude number is above a threshold.
Although this model is only qualitative, it highlights the fact that the baroclinic instability
can not always occur because of confinement effects even if the necessary condition of sign
reversal of the potential vorticity gradient is satisfied. In the future, it would be interesting
to study the non-linear dynamics of these instabilities.
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4.A Stability equations for a vortex with almost uniform an-
gular velocity

In this section, we derive the stability equation (4.33) for a base vortex with the angular
velocity (4.31), i.e. uniform in the radial direction and varying linearly along the vertical.
The assosiated density field is given by (4.32). In the inviscid limit, (4.12) and (4.13) yield
the radial and azimuthal velocities

is% + 20imE + QTQ%uz

Uy = oL , (4.38)
- —29% —smP 4 irs%—?uz .39
Uup = 82 — 492 ) ( . )

where s = m{2 — w. The vertical velocity is obtained from the vertical momentum and
density equations (4.14) and (4.15)

9 9pny, P
w, = L9 T "0z (4.40)
N2 _g2_ 99m
po Oz
Combining (4.38) and (4.40) gives
g dpy isEH2UME . g
wy, = —wor A " Wor (4.41)

99
N2 _g2_ 99 _ g 9p 2r%5,
po Oz po Or s2—-402

We now assume that HQ; < Qp and w = mQq + wy with w; = O(QlH). This implies
s=—w; —mQyz = O(QlH). (4.42)

Hence, the velocity perturbations can be simplified at leading order in 0 to:

. Op s (O 0. -\ P
9 4 2im(Qy — 2 2)2 X
Uy = 0 me( 0= D)y o), (4.43)
—490 + 890912
—2(Qp — Ny 2)%L — sm 3
up = (0 —hz)f, — % +0(9), (4.44)
—49% + 890912’
0 ) 3
4 = 4 O, (1.45)

Substituting (4.43) — (4.45) into the continuity equation (4.16) gives

110 op m? 4(2(2) d%p . A2
is [ (T‘&‘) — TTer N2 92| T 0+ O(Q9). (4.46)

Since s is different from zero, (4.46) reduces to the equation (4.33) for the pressure. The
general solution is given by (4.34). The boundary conditions at » = R and z = +H/2 are
assumed to be

ur(r = R) =0, (4.47)
) =0. (4.48)
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Figure 4.28: Spectrum of the model for different azimuthal wavenumbers: 2m = 1;0m = 2;
om=3;0om =4;vm = 5;em = 6. Filled symbols indicate spectrum predicted
by (4.52) and blank symbols show the numerical results for Qo =1, 0 =0.01,
R=5,H=2,and N = 1.2. For numerical computation Re = 10000 is used.

Using (4.43) and (4.45), these boundary conditions will be satisfied at leading order in € if

p=0 at r=R, (4.49)
H

o ~
sa—i +mp=0 at z= i?‘ (4.50)

Equation (4.49) leads to the relation (4.36). Using (4.33), (4.50) implies

—Qymsinh % — (w1 — mﬂlg)k cosh % lecosh % + (w1 — mfllg)k sinh % Al 0
Qm sinh% — (w1 + mfh%)k cosh kTH Q;m cosh % — (w1 + my g)k sinh kQH] [B} o
(4.51)
This leads to the dispersion relation

oy mlgzl\/<1 - mmk(}liﬂ/z)) (1 - kHtanl;(kH/Z))’ (45

so that w = m€y 4 w; is given by (4.35). The stability of the base flow (4.31)—(4.32) has
also been directly computed numerically for Qg = 1,Q; = 0.01,R =5,H = 2, N = 1.2 for
a large Reynolds number Re = 10000. Figure 4.28 shows that the predictions of (4.35) and
the numerical results are in good agreement. For m = 1,2 and 3, the secondary mode, i.e.
when 2F), Rk = [tm,2, is also unstable in addition to the first mode 2F,Rk = Hom,1-

4.B Secondary modes of the centrifugal instability

In this appendix, secondary centrifugal modes for columnar and pancake vortices are pre-
sented. Figure 4.29 shows the growth rate of the centrifugal instability as a function of the
scaled vertical axial wavenumber kRF}, for a columnar vortex for Fj = 0.5 and Fy = 1 for
m = 0 and Re = 10000. When Fj}, is small as in figure 4.29a, there only exist only one mode
and the stabilization at large k is due to the viscous effect. When Fj, is larger (figure 4.29b),
however, the growth rate of the first mode is now increased and a second mode exists with
small growth rate. Hence, a second mode is observed when the first mode is sufficiently
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unstable, i.e. large Fj, and Re. The first mode has the simplest radial velocity structure as
shown in figure 4.30a while the second mode exhibits one more radial oscillation as depicted
in figure 4.30b.

02 T 02 T
(a) Fp=05 (b) Fp=1
0.15 * 0.15
S
~ 0.1 B 0.1+
3
0.05 - n 0.05 - Secondary CI
0 ! ! ! ! 0 ! ! ! N
0 10 20 30 40 50 0 10 20 30 40 50
kRF}, kRF},

Figure 4.29: Growth rate w;/Qo as a function of vertical wavenumber kRF}, for (a) Fy, = 0.5
and (b) Fj =1 for a columnar vortex with m = 0, Re = 10000.

Now figure 4.31a shows a spectrum for pancake vortices for « = 1,m = 0,F;, = 1 and
Re = 10000. As shown in previous sections, the frequency for m = 0 is zero. There exist
12 modes and selected radial velocity perturbations are shown in figure 4.31b,c,d,e. The
most unstable mode has the simplest radial and vertical structures. Modes with smaller
growth rate show more vertical oscillations. In addition, a secondary mode exists as for
the columnar vortex. The velocity perturbation shows only few vertical oscillations like the
most unstable mode but has one more radial oscillation (figure 4.31d). Nevertheless, the
growth rates of the secondary centrifugal mode are much smaller than the first modes.

4.C The m = 1 displacement mode

For m = 1, there exists a displacement mode. This mode displaces the base flow horizontally.
The stream function 1 of the base vortex is

1 r? 22

Let us consider a small horizontal displacement Az and Ay of the base flow in Cartesian
coordinate z and y. Assuming that Az = Ay < 1,

it Wpg
Y(x+ Az, y + Ay) ~ 1 + e Az + By Ay. (4.54)

W

Using chain rule, the streamfunction 1[1 of the perturbation reads

b= = Az +— — Ay. 4.55
v or Ox T or Oy y ( )
cosf ind
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Figure 4.30: The radial w, (=) and azimuthal uy (—) velocities of the (a) first and (b)
second centrifugal modes of a columnar vortex for kRF), = 30, F;, = 1 and
Re = 10000.

Replacing cos @ = (exp(if) + exp(—if))/2 and sinf = (exp(if) — exp(—if))/2i. The radial
and azimuthal velocity perturbations are

_1871/3_1671& Az Ay o (Bz  Ay\ i

TR a0 T ror [( TR )e 5t )| (4.56)
SO0 0 (0N [(Dr Ay (Do Ay

Yo ~lor <8r> K 25 2 )e o T2 )¢ ] (4.57)

Equation (4.56) and (4.57) mean that the horizontal velocity components are functions of
the base stream function ¢ as

_Lov _V
e T (4.38)
NN

Figure 4.32a,b show (4.58) and (4.59), respectively and figure 4.32¢,d show velocity per-
turbations of the displacement mode for m = 1: Re(u,) and Im(ug) computed for
a = 0.5, F, = 0.5,Ro = oo and Re = 10000. As can be seen, they are almost identi-
cal.
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Figure 4.31: (a) Growth rate and frequency spectrum for « = 1, m = 0, F, = 1 and
Re = 10000. Real part of radial velocity perturbations Re(u,) for the modes
(b) (0,1), (c) (0,3), (d) the second mode (0,1)s and (e) (0,11).
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Figure 4.32: (a) The base angular velocity Vp/r and (b) radial gradient 0Vy/0r and the
velocity perturbations (¢) Re(u,) and (d) Im(ug) of the displacement mode for
m=1,a=0.5,F, = 0.5, Ro = co and Re = 10000. The dotted line indicates
the contour where the angular velocity of the base vortex is 2 = 0.1€.
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STABILITY OF A PANCAKE VORTEX IN
STRATIFIED-ROTATING FLUIDS

This chapter investigates the stability of an azisymmetric pancake vortex with Gaussian
angular velocity in radial and vertical directions in stratified rotating fluids. The different
instabilities are mapped in the parameter space: Rossby number Ro, Froude number Fy,
Reynolds number Re and aspect ratio a. The centrifugal instability is dominant when the
absolute Rossby number |Ro| is large and is stabilized for small and moderate |Ro| since the
generalized Rayleigh discriminant is positive everywhere. The Gent-McWilliams instability
is then dominant for the azimuthal wavenumber m = 1. It continuously changes to a mized
baroclinic-Gent-McWilliams instability for Burger number Bu = o>Ro*/(4F?) < 1 when
the Rossby number is not too large. The shear instability for m = 2 exists when Fy/« is
below a threshold depending on Ro. Similarly, when Bu < 1 and Ro < O(10), the shear
instability transforms in the form of a mized baroclinic-shear instability. The baroclinic
instability develops when Fj,/a|141/Ro| > 1.46 in qualitative agreement with the analytical
predictions for a bounded vortex with angular velocity slowly varying along the vertical.
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Stability of an isolated pancake vortex in stratified-rotating
fluids
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(In preparation to submit to J. Fluid Mech.)

5.1 Introduction

Vortices in geophysical flows have received much attention especially in the oceans due to
their important role in energy and scalar transports as well as mixing. Meddies (Mediter-
ranean eddies) are one of the well-known vortices that are formed by warm salty water
flowing from Mediterranean sea into Atlantic ocean and can live years traveling in the ocean
(Armi et al., 1989; Hobbs, 2007). The thickness of these mesoscale vortices is about lkm
and their diameter about 100km (Richardson et al., 2000). Similar eddies called Ulleung
eddies are formed by warm northward and cold southward currents in East/Japan sea. Once
formed, the eddies are trapped in Ulleung basin near Ulleng island (Chang et al., 2004).
These eddies are also pancake shaped with both warm and cold core, and a life time around
a couple of years. The characteristics of these mesoscale eddies are important because they
can greatly affect the fisheries (Kim et al., 2012). In many places, there exist actually numer-
ous observations of mesoscale eddies for example Reddies (Red ocean eddies) (Meschanov
& Shapiro, 1998) and Swoddies (Slope water oceanic eddies) (Pingree & Le Cann, 1992;
Carton, 2001; Carton et al., 2013).

Idealized models of these vortices have been studied experimentally and numerically with
a layered density stratification (Saunders, 1973; Griffiths & Linden, 1981; Hopfinger & van
Heijst, 1993; Baey & Carton, 2002; Benilov, 2003; Thivolle-Cazat et al., 2005; Aubert et al.,
2012; Lahaye & Zeitlin, 2015) as well as in continuously stratified fluids (Nguyen et al., 2012;
Lazar et al., 2013b,a; Hua et al., 2013). Saunders (1973) studied experimentally the stability
of a vortex produced by releasing a cylindrical volume of fluid into a fluid with a lighter
density placed on a turntable rotating at a constant speed. The spreading of the denser fluid
at the bottom resulted in an anticyclonic vortex which was stable when the Burger number
Bu = (6pg/p)H/f2R* > 1.8, where 6p is the density difference between the two fluids, H
the height, f the Coriolis parameter and R the radius of the inner cylinder. In contrast
when Bu < 1.8, azimuthal disturbances grow on the vortex due to the baroclinic instability.
The azimuthal wavenumber m scaled like m ~ 1.8Bu~'/2 and the smallest wavenumber
observed was a m = 1 wandering mode of the whole vortex. Similar observation have
been later reported by Griffiths & Linden (1981) and Thivolle-Cazat et al. (2005) when the
inner cylinder volume of fluid is less dense and has smaller depth than the surrounding fluid.
However, m = 1 wandering mode has not been observed for these surface vortices. Numerical
simulations performed by Verzicco et al. (1997) found good agreement with the results of
Griffiths & Linden (1981). Griffiths & Linden (1981) also conducted experiments when a
fluid is injected at constant flux into a rotating fluid with a different constant density or
with a continuous stratification. In this case, barotropic instability first developed and then
baroclinic instability as the anticyclonic vortex grew in size. In the case of the continuous
stratification, they also observed layers above and below the vortex core that they attributed
to the viscous-diffusive instability of McIntyre (1970). A similar instability was observed by
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Hedstrom & Armi (1988) but no non-axisymmetric disturbances were observed to grow in
contrast to Griffiths & Linden (1981). Hedstrom & Armi (1988) have also shown that the
aspect ratio and velocity field were in good agreement with the prediction of the lens model
of Gill (1981) in quasi-geostrophic fluids. Recently, Aubert et al. (2012) and Hassanzadeh
et al. (2012) have proposed and validated a universal law valid in general stratified-rotating
fluids which takes into account a density gradient in the vortex core.

Baey & Carton (2002) have studied the linear stability and the nonlinear evolution of ellip-
tically perturbed circular vortices in a two-layer shallow-water model. They found that the
two-layer model agrees generally with the quasi-geostrophic model except that cyclones are
more unstable than anticyclones at Bu ~ 2. Lazar et al. (2013b,a) studied experimentally
and theoretically the stability of vortices in linearly stratified and rotating viscous fluids
with respect to the axisymmetric centrifugal instability. Taking into account the vertical
viscous effects which scale like k2 for large vertical wavenumber k, they obtained analytic
predictions for the most amplified vertical wavenumber and the marginal stability curves in
terms of the Burger, Ekman and Rossby numbers. Lahaye & Zeitlin (2015) have investi-
gated the linear stability and non-linear dynamics of anticyclones with a a-Gaussian profile
in a two-layer shallow-water. They have shown that asymmetric centrifugal modes are more
unstable than the axisymmetric mode for small Rossby number Ro or large Burger number
Bu. For even smaller Ro or higher Bu, the barotropic shear instability is dominant. Billant
et al. (2004) have carried out experiments on a columnar counter-rotating vertical vortex
pair in stratified-rotating fluid. They have shown that the dominant centrifugal instability
developing on the anticyclone is non-axisymmetric with an azimuthal wavenumber m = 1
for small Rossby number and small Froude number.

Nguyen et al. (2012) have conducted a numerical stability analysis of a pancake vortex
in quasi-geostrophic fluids. In the case of a Gaussian angular velocity in both radial and
vertical directions, they found that the dominant instability when the Burger number Bu =
N2A%/f?R? < 1 (where N is the Brunt-Viisild frequency, A the half thickness of the
vortex and R its radius) is generally a baroclinic instability with an azimuthal wavenumber
m = 2. For Bu > 1, the dominant mode is an anti-symmetric m = 1 mode. For very
small Bu < 0.1, higher azimuthal modes m > 2 become dominant. Hua et al. (2013) have
performed non-linear simulations of the dynamics of a lens-shape vortex in quasi-geostrophic
fluids. In addition to the development of asymmetric disturbances, they evidenced layering
in the vicinity of critical levels where the azimuthal phase speed equal the angular velocity
of the vortex. In chapter 4, we have analysed the stability of a Gaussian pancake vortex
in stratified non-rotating fluids. Instabilities similar to those of columnar vortices have
been found. The centrifugal instability occurs when the buoyancy Reynolds number ReF}
is sufficiently large: ReF}? > 103, where F}, = Qq/N is the Froude number based on the
maximum angular velocity o and Re = QoR?/v, where v is the viscosity. The shear
instability can develop when F} /o < 0.5 where « is the aspect ratio of the pancake vortex.
In addition, instabilities specific to pancake vortices can exist: the baroclinic instability
when Fj, /o > 1.43 and the gravitational instability when Fj,/a > 1.5.

In this paper, we will continue these stability analyses in the case of a stratified-rotating
fluid in order to link the infinite Rossby number limit (chapter 4) and the small Rossby
number limit (Nguyen et al., 2012). We show that new types of instabilities arise as Ro is
varied while some instabilities can be traced continuously from the stratified non-rotating
limit to the quasi-geostrophic limit.

This paper is organized as follows: the stability problem and methods are formulated in
§5.2. The effect of the Rossby number is investigated in §5.3 while the effects of the other
parameters (Fj,, a and Re) are studied in §5.4. Conditions of existence for the shear instabil-
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ity, Gent-McWilliams instability and baroclinic instability are derived in §5.5, §5.6 and §5.7,
respectively. Finally §5.8 summarizes the domains of existence of each type of instability in
the parameter space (Fj,/a, Ro).

5.2 Problem formulation

The problem formulation is the same as in chapter 4 except that the fluid is not only stably
stratified but also rotating about the vertical axis at rate f/2. Nevertheless, the main steps
of the problem are recalled here.

5.2.1 The base state

As in Nguyen et al. (2012) and chapter 4, we consider an axisymmetric pancake vortex with
angular velocity

7‘2 22
Qr,2) = Qoef(?ﬂ\i?), (5.1)

where (7,0, z) are cylindrical coordinates, R the radius, A the typical half thickness and g
is the maximum angular velocity. The radial and vertical inviscid momentum equations for
such steady base flow are

1 Gpt

Q2 Q= — 2

r fr po aT7 (5 )
10pr g

0=-——2t_9,, 5.3

po 9z po’" (5:3)

where p; and p; are the total pressure and density, respectively. Combining (5.2) and (5.3)
gives the thermal-wind equation

dpt _ po 0, o
o = g oY ), (54)
yielding
Pt = PO + /3(2’) + pb(r7 Z)? (55)

with pg a constant, p(z) = —NZ2pgz/g where N = \/—g/po(dp/dz) is the Brunt-Viisili
frequency which is assumed constant and

2
prlrz) = =22 (f) Q@+ (5.6)

5.2.2 Linearized Equations

/

We subject this vortex to infinitesimal perturbations of velocity w’ = [uj.,up, )], pressure
p’, and density p’ written as
Po Wit
[y, ug, ul, s 0] = [ur(r, 2),ug(r, 2), us (7, 2), pop(r, 2), ;P(T’ e W pee,  (5.7)
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where w = w, +iw;, w, the frequency, w; the growth rate and m the azimuthal wavenumber.
The linearized Navier-Stokes equations under the Boussinesq approximations are

—i(w—mQu, — (224 flug = —21: +v <V2ur — 7127“"’ — ;imue> (5.8)
—i(w—mQug + (¢ + fu, + %uz = —iTmp +v (Vgue — r%ug + ;imur> (5.9)
—i(w—mQ)u, = —% — p+ vV, (5.10)
—i(w—mQ)p+ pgoaa/;bur pg()%pzbuz = N?u, + kV?p (5.11)
%8(23“ + %imue + %“; =0 (5.12)

where ( is the vertical vorticity, v the viscosity, s the diffusivity of the stratifying agent. The
problem is governed by five non-dimensional numbers: aspect ratio («), Froude number(F},),
Rossby number (Ro), Reynolds number(Re), Schmidt number(Sc), defined as follows:

AL %

200 Qo R?
= F = =
R’ h

14
= — = —. 1
N Ro , Re o Sc - (5 3)

o =

The Schmidt number is set to Sc = 1 throughout the paper. As explained in chapter
4, equations (5.8) — (5.12) are discretized with finite element methods using FreeFEM-++
(Hecht, 2012; Garnaud, 2012) in the domain 0 < r < Rpyax and —Zpax < 2 < Zpax. The
size is taken as Rpmax > 10R and Zyax = DA. They are slightly different compared to
chapter 4 because some modes are more sensitive to radial confinement in the presence
of background rotation. The mesh is adapted to the base flow so that the mesh is finer
(~ 0.001R) inside the vortex core than outside (~ 0.1R). The boundary conditions at r = 0
areur =ug =0form=0,u,=p=p=0form=1landu=p=p=0form>2. At
the other boundaries, R = Rnax and z = £ 7}, the perturbations are imposed to vanish:
u = p = p = 0. The matrix version of (5.8) — (5.12) built by FreeFEM++ is then solved
by means of an iterative Krylov-Schur scheme and a shift-invert method using the SLEPc
and PETSc libraries (Hernandez et al., 2005; Garnaud, 2012; Garnaud et al., 2013; Balay
et al., 2014; Roman et al., 2015). More details can be found in chapter 4. The limit o — oo
corresponding to a columnar vortex has been solved by means of a Chebyshev collocation
spectral method (Antkowiak & Brancher, 2004).

5.3 Overview of the effect of the Rossby number

We first present an overview of the effect of the Rossby number starting from the strongly
stratified non-rotating limit (Fj, < 1 and Ro = oo) previously studied in chapter 4. As
the absolute Rossby number is decreased, some instabilities are stabilized or modified while
new ones arise. This will enable us to connect the purely stratified limit to the quasi-
geostrophic limit studied by Nguyen et al. (2012). Throughout the paper, the exploration
of the parameter space will be restricted to the region stable to the gravitational instability,
i.e. where the total density gradient

Opi _ _poN® | Opy
0z g 0z’

(5.14)
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Figure 5.1: Growth rate (w;/€) and frequency (w, /) spectra for m = 0 for different
Rossby numbers Ro: (a) Ro = oo, (b) Ro = 20 and (¢) Ro = —10 F}, = 0.5
and Re = 10000. Discrete symbols (o: for symmetric and * for anti-symmetric
modes) are for pancake vortices for & = 0.5 and thick continuous lines ( ) are
for columnar vortices (a = 0.5).

is everywhere negative. This condition can be rewritten in the form

% < ¢(Ro), (5.15)

where ¢ is a constant depending on the Rossby number. However, it cannot be expressed
analytically in terms of Ro.

5.3.1 m=0

For m = 0, it has been found in chapter 4 that only the centrifugal instability exists
in stratified fluid when the buoyancy Reynolds number ReF,f is sufficiently high. This
remains true when the Rossby number is varied. Figure 5.1 shows two examples of spectra
for Ro = 20 and Ro = —10 together with the one for Ro = oo, all for the same set of
parameters: a = 0.5, F, = 0.5 and Re = 10000. The unstable modes are shown by symbols
and are labelled (m, i) where i is the mode number. The maximum growth rate and the
number of modes vary with Ro but these variations are consistent with the spectra of the
most unstable mode of a columnar vortex for the same control parameters (grey continuous
lines). For each point, there exist actually two modes with different symmetry with respect
to the mid-plane z = 0: anti-symmetric (*) and symmetric (0). Some examples of modes
are shown in figure 5.2. The modes are localized inside the region delimited by red dashed
lines where the Rayleigh discriminant

19, £\°
is negative. The number of oscillations along the vertical increases with the mode number
but there is always only one radial oscillation for the parameters of figure 5.1. The variation
of the growth rate of the most unstable mode as a function of Ro for a = 0.5, F, = 0.5
and Re = 10000 is summarized in figure 5.3 (dashed line with symbols). The centrifugal
instability is stabilized for small Rossby number in the range —3.5 < Ro < 17. A similar
evolution of the maximum growth rate is observed for a columnar vortex (grey continuous
line). As shown in chapter 4, the growth rate of the centrifugal instability can be predicted
using the asymptotic formula of Billant & Gallaire (2005) for large axial wavenumber k for

; (5.16)
Pt
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0.5

-0.5

-1

Figure 5.2: (Colour online) Real part of the radial velocity perturbation Re(u,) of the cen-
trifugal instability: (a) mode (0, 1) for Ro = 20 and (b) mode (0, 3) for Ro = —10
indicated in figure 5.1. The horizontal lines are isopycnals of the base density
field. The dotted line indicates the extension of the base flow where 2 = 0.1€).
The thick dashed line (---) indicates the contour where the Rayleigh discrimi-
nant ® vanishes.

a columnar vortex with the addition of the leading viscous term as in Lazar et al. (20130):

— ivk?, (5.17)
where

w® = mQ(ro) +iv/—d(ro), (5.18)

O \/¢”(7"0) = 2m2Q(ro)? + 2imy/—(ro)2"(r0) [, ¢>(7"0)7 (5.19)
2v2 —¢(ro) N2

with n a non-negative integer, ¢ = (2Q + f)(¢ + f) and r¢ is given by

¢/ (ro) = —2im&Y (r0)/—(70). (5.20)

The maximum growth rate predicted by (5.17) for F}, = 0.5 and Re = 10000 is shown by the
dashed grey line in figure 5.3. It is close to the maximum growth rate for both columnar and
pancake vortices. It is worth to point out that the maximum growth rate for Fj = 0.5 and
Re = 10000 is approximately three times smaller than the theoretical upper limit for the
growth rate of the centrifugal instability which is y/— min(¢) for m = 0 (solid line in figure
5.3) and which is attained in the limit & — oo and ¥ — 0. Note also that min(¢)=min(®)
since min(®) is minimum on the symmetry plane z = 0.

5.3.2 m=1

The centrifugal instability has been also observed for m = 1 in stratified non-rotating fluids
(chapter 4). This corresponds to the mode (1,1)-(1,3),(1,5) and (1,8) in figure 5.4a for
a=0.5,F;, = 0.5, Ro= oo and Re = 10000. In addition, there exists a mode (1,4) in figure
5.4a which exhibits both the characteristics of the centrifugal and the Gent-McWilliams
instability. The latter instability bends the vortex (Gent & McWilliams, 1986; Smyth &
McWilliams, 1998; Yim & Billant, 2015). Finally, the radial velocity perturbation of mode
(1,9) in figure 5.4a is almost identical to the angular velocity of the base flow such that it
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0 5 10 15 20

max(wi/ﬂo)

Gravitational inst.

Figure 5.3: Maximum growth rate of the centrifugal instability for m = 0 as a function of Ro
for a pancake vortex for a = 0.5 (-0~ ) and a columnar vortex (=) for Fj, = 0.5
and Re = 10000 . The dashed grey line ( ) shows the asymptotic maximum
growth rate (5.17) and the solid line (—) shows the upper limit for the growth
rate of the centrifugal instability for m = 0: /—min(®). The horizontal dotted
line (--+++) indicates the maximum growth rate of the pancake vortex for Ro = co.
The vertical shaded region is the region unstable to gravitational instability.

displaces the vortex. This mode, which is almost neutral with zero frequency, corresponds to
the displacement mode. The modes (1,6) and (1,7) are mixed modes presenting which exhibit
both characteristics of the centrifugal and bending modes. The spectrum of a columnar
vortex for the same parameter is also shown in figure 5.4a by a continuous grey line for
comparison.

When the Rossby number is decreased to Ro = 20 keeping the other parameters fixed
(figure 5.4b), the spectrum remains qualitative similar to Ro = oo with the three main
types of modes: centrifugal ((1,1)-(1,4), (1,6)—(1,8)), mixed bending-centrifugal (1,5) and
displacement (1,9) modes. The structure of these three categories of modes is displayed
in figure 5.5 for Ro = 20. Again the series of the centrifugal modes differ by the number
of oscillations along the vertical (compare (1,1) to (1,3) in figure 5.5) but they have all
a single oscillation along the radial direction. They are localized near the region where
® is negative and they tend to be aligned along the base isopycnals. The bending and
displacement modes, which are represented in figures 5.5c,d, are almost identical to those
found for Ro = oo (chapter 4).

A similar spectrum is observed for Ro = —10 (figure 5.4c) except that there is a clear sepa-
ration between the centrifugal mode and the bending mode. This is similar to the columnar
vortex case (grey solid line) where the Gent-McWilliams instability and the centrifugal in-
stability correspond to two distinct growth rate maxima for negative Rossby numbers in
contrast to positive Rossby numbers (Yim & Billant, 2015). The structure of the centrifugal
modes (figure 5.6a) is similar to those for Ro = 20 (figure 5.5a,b). The bending mode (figure
5.6b) is more localized in the vortex core and corresponds more clearly to a bending of the
vortex as a whole than for Ro = 20 (figure 5.5¢) where the mixed bending-centrifugal mode
tends to concentrate at the top and bottom of the pancake vortex.
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Figure 5.4: Growth rate (w;/€) and frequency (w,/€) spectra for m = 1 for different
Rossby numbers Ro: (a) Ro = oo, (b) Ro = 20, (¢) Ro = —10 (d) Ro =5, (e)
Ro = 2 and (f) Ro = 1.43 for F}, = 0.5 and Re = 10000. Discrete symbols (o:
for symmetric and * for anti-symmetric modes) correspond to pancake vortices
for o = 0.5 and thick continuous lines (
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r/R r/R

Figure 5.5: (Colour online) Real part of the radial velocity perturbation Re(u,) of (a) the
centrifugal mode (1,1) and (b) mode (1,3), (c) the mixed bending-centrifugal
mode (1,5) and (d) the displacement mode (1,9) for Ro = 20 (figure 5.4b). The
horizontal lines are isopycnals. The dotted line indicates the extension of the
base flow where € = 0.1Qy. The thick dashed line (---) indicates the contour
where the Rayleigh discriminant ¢ vanishes.
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0.5

-0.5

Figure 5.6: (Colour online) Real part of the radial velocity perturbation Re(u,) of (a) the
centrifugal mode (1,1) and (b) the bending mode (1,5) for Ro = —10 (figure
5.4¢). The horizontal lines are isopycnals. The dotted line indicates the extension
of the base flow where Q@ = 0.1Qy. The thick dashed line (---) indicates the
contour where the Rayleigh discriminant ® vanishes.
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Figure 5.7: (Colour online) Real part of the radial velocity perturbation Re(u,) of the Gent-
McWilliams instability: (a) mode (1,1) and (b) mode (1,2) for Ro = 5 (figure
5.4d). The horizontal lines are isopycnals. The dotted line indicates the exten-
sion of the base flow where 2 = 0.1€).

When the absolute value of the Rossby number is further decreased, the centrifugal insta-
bility disappears when ® > 0 everywhere and only the Gent-McWilliams instability remains
as exemplified in figure 5.4d for Ro = 5. In this case, there are three unstable bending
modes and the first two are displayed in figure 5.7. The first one (figure 5.7a) is similar to
the one previously shown in figure 5.6b for Ro = —10 while the second one exhibits one
more oscillation along the vertical and is thus symmetric (figure 5.7b). There is still also
the displacement mode ((1,4) in figure 5.4d) with a very weak frequency and growth rate
since this mode derives from the translational invariance. All these modes are close to the
spectrum of a columnar vortex shown by the grey solid line (figure 5.4d). The maximum
frequency of the unstable branch of the columnar vortex is w, = Qe 2 = 0.1350. This
corresponds to the maximum frequency for which the gradient of the vertical vorticity ¢'(r.)
is positive at the critical radius r. where Q(7.) = w,. This is the condition of existence of
the Gent-McWilliams instability for a columnar vortex (Gent & McWilliams, 1986; Yim &
Billant, 2015).

So far, all the unstable modes observed for a pancake vortex derived from those for a
columnar vortex. However, when the Rossby number is further decreased to Ro = 2 (figure
5.4e) and to Ro = 1.43 (figure 5.4f), all the unstable modes for pancake vortices have no
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Figure 5.8: (Colour online) Real part of the radial velocity perturbation Re(u,) of the mixed
baroclinic-Gent-McWilliams instability:(a) mode (1,1) and (b) mode (1,2) for
Ro = 2 (figure 5.4e). The horizontal lines are isopycnals. The dotted line
indicates the extension of the base flow where 2 = 0.1€.

counterparts in columnar vortices except the displacement mode near the origin ((1,4) in
figure 5.4e and (1,7) in figure 5.4f). For Ro = 2, the most unstable mode (1,1) has a
frequency larger than 0.135 but is still close to the spectra of the columnar vortex. The
structure of the mode (figure 5.8a) is also similar to the Gent-McWilliams mode for Ro = 5
(figure 5.7a) but it tends to be distorted near » = R. Hence, we shall call this mixed mode as
baroclinic-Gent-McWilliams mode. Secondary modes also observed near the frequency w, ~
0.25Q (figure 5.4e). Although different, their shape (figure 5.8b) has still a resemblance
with the secondary Gent-McWilliams mode for Ro = 5 (figure 5.7b). For Ro = 1.43, there
is now a series of modes aligned near the frequency w, ~ 0.25{2y and with a much larger
growth rate than for Ro = 2. A selection of these mode are depicted in figure 5.9. The
first two modes (1,1) and (1,2) show some similarities with those for Ro = 2 (figure 5.8) but
they are clearly more concentrated in the vortex core for /Ry < 0.5 and are maximum at
a slightly higher vertical level z/A = +0.7. The next modes exhibit more radial oscillations
(figure 5.9¢,d) but with still two vertical oscillations, i.e. one per half vertical plane. Similar
modes have been observed in stratified non-rotating fluids when the isopycnal deformations
are sufficiently strong and have been shown to originate from the baroclinic instability.
The deformations indeed increase when the Rossby number decreases for given aspect ratio
and Froude number. The isopycnals even overturn and are subjected to the gravitational
instability when Ro < 1.3 for @ = 0.5 and Fj, = 0.5. In quasi-geostrophic fluids, a necessary
condition for the baroclinic instability is the sign change of the potential vorticity gradient
along isopycnal (Eliassen, 1983; Hoskins et al., 1985; Ménesguen et al., 2012):

o[ _om on%
arpt_ﬁr 0z 9pt

or

=0, (5.21)

where II = (¢ + f)0pi/0z — r0Q2/0z0p,/Or is the potential vorticity and ¢ is the verti-
cal vorticity of the base flow. The double dotted dashed line in figure 5.9 shows where
0I1/0r|,, = 0. As can be seen, the modes develop in the vicinity of this line. The baroclinic
instability will be observed in more details in section 5.7.

The effect of the Rossby number on the growth rate and frequency of the most unstable
modes of each instability for m = 1 is summarized in figure 5.10. As already seen for m = 0,
the centrifugal instability (dashed line with circles) is stabilized for small Ro in the range

122



5.83. Overview of the effect of the Rossby number

Figure 5.9: (Colour online) Real part of the radial velocity perturbation Re(u,) of the baro-
clinic instability: (a) mode (1,1), (b) mode (1,2), (¢) mode (1,3) and (d) mode
(1,6) for Ro = 1.43 (figure 5.4f). The horizontal lines are isopycnals. The dot-
ted line indicates the extension of the base flow where 2 = 0.1€2g. The double
dotted dashed line (='=') shows where the isopycnal potential vorticity gradient
(5.21) changes sign.
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—2 < Ro < 8. The threshold for positive Rossby number has not been located precisely
because of the difficulty in distinguishing the centrifugal and Gent-McWilliams instabilities
when their growth rates are comparable. As already mentioned, there is indeed a smooth
transition between these two instabilities for positive Rossby number in columnar vortices
(Yim & Billant, 2015). The growth rate of the Gent-McWilliams instability (dashed line
with triangle) is almost constant for large Rossby number. For negative Rossby number,
the Gent-McWilliams instability stabilizes around Ro ~ —2 like the centrifugal instability.
For positive Rossby number, the Gent-McWilliams instability becomes dominant over the
centrifugal instability when Ro < 7. However, its growth rate decreases as the Rossby
number decreases and becomes minimum for Ro = 2 corresponding to a Burger number
Bu = (aRo/2F,)* = (NA/fR)? around unity as indicated in the upper x axis. Below
this Rossby number, the frequency (figure 5.10b) increases beyond the cutoff frequency
wy = 0.135€9 above which the Gent-McWilliams instability no longer exists in the case of
a columnar vortex (Yim & Billant, 2015). Simultaneously, the growth rate re-increases and
the instability becomes a mixed baroclinic-Gent-McWilliams instability. For smaller Rossby
number, the instability becomes the pure baroclinc instability (dashed line with diamond)
with a growth rate increasing dramatically as Ro decreases. However, the frequency satu-
rates at w, =~ 0.25Q9. The growth rate of the displacement mode (dashed line with square)
remains very low for any Rossby number.

Similar results have been obtained by Nguyen et al. (2012) in quasi-geostrophic fluids except
that the centrifugal instability is absent since Ro < 1. Thus, they have reported only two
modes that they distinguish by their symmetry: a symmetric and an anti-symmetric modes.
When the Burger number Bu = a?Ro?/ (4Ff) is larger than unity, the symmetric mode
corresponds to the displacement mode herein and the anti-symmetric mode is similar to
the Gent-McWilliams most unstable mode. In contrast, when Bu < 1, the symmetric and
anti-symmetric modes correspond to the leading baroclinic modes herein. The growth rate
of the anti-symmetric mode is minimum for Bu = 1 like in figure 5.10 when the transition
between Gent-McWilliams and baroclinic instabilities occurs.

Finally, figure 5.11 compares the maximum growth rate and corresponding frequency of the
centrifugal instability for pancake (dashed line with circle) and columnar (grey continuous
line) vortices. As can be seen, they are close. The maximum growth rate and associ-
ated frequency predicted by (5.17) is also represented by a dashed line. It underestimates
the observed growth rate of both pancake and columnar vortices, especially for positive
Rossby number. This discrepancy probably comes from the smooth transition between
Gent-McWilliams and centrifugal instabilities and the difficulty in distinguishing clearly
these two instabilities when their growth rates are comparable.

In summary, for m = 1, the baroclinic instability dominates when Ro is small and the
centrifugal instability takes the place when Ro is large. In between, there exists the Gent-
McWilliams instability for positive Ro. For negative Ro, centrifugal instability is always
dominant. Although, only one particular set of parameters (a = 0.5, Fj, = 0.5 and Re =
10000) has been presented, we shall see in the next section that this picture is typical of
other parameter combinations in the strongly stratified regime with moderate and strong
rotation.

5.3.3 m=2

Finally, we present the effect of the Rossby number on the stability of the azimuthal
wavenumber m = 2 for the set of parameters: a = 1.2, Fj, = 0.5 and Re = 10000. Note that
the aspect ratio is also changed to show a typical example of spectrum. In the strongly strat-
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Figure 5.10: (a) Maximum growth rates and (b) corresponding frequencies of the differ-
ent types of instabilities as a function of Ro for m = 1, « = 0.5, F = 0.5
and Re = 10000: centrifugal instability -o-, symmetric displacement mode
-=- Gent-McWilliams instability -4-, mixed baroclinic Gent-McWilliams in-
stability -¥- and baroclinic instability -+-. The upper z axis indicates the
corresponding value of the square root of the Burger number v/ Bu. The hori-
zontal dotted lines (-+-++) indicate the growth rates and frequencies for Ro = oo
for the centrifugal and Gent-McWilliams instabilities. The shaded region is
gravitationally unstable.
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Figure 5.11: (a) Maximum growth rate and (b) corresponding frequency of the centrifugal
instability (=) for columnar (thick continuous lines) and pancake (o = 0.5)
(-o-) vortices for m = 1,F}, = 0.5 and Re = 10000. The dashed grey line
shows the asymptotic maximum growth rate (5.17). The dotted line indicates
the Gent-McWilliams instability.

ified non-rotating case, two instabilities have been found: the centrifugal instability for suf-
ficiently large buoyancy Reynolds number ReF; ,f and the shear instability when Fj /o < 0.5
(chapter 4). These corresponds to the modes (2,1)—(2,2) and (2,3), respectively in figure
5.12a. When the Rossby number is decreased, a scenario similar to the one described for
m = 1 occurs. The centrifugal instability becomes less dominant for moderate Rossby num-
ber (see figure 5.12b for Ro = 20) and disappears for small Rossby number (see figure 5.12¢c
for Ro = 0.8). An example of the structure of a centrifugal mode for Ro = 20 is depicted in
figure 5.13b. In contrast, the baroclinic instability appears for small Rossby number (modes
(2,1)-(2,4) in figure 5.12d for Ro = 0.25). As for m = 1, these baroclinic modes differ by
the number of oscillations in the radial direction and by their symmetry with respect to the
mid-plane z = 0 (figure 5.15a,b,c).

For all the Rossby numbers presented in figure 5.12, shear instability remains present around
the same frequency in the vicinity of the shear instability branch of the columnar vortex
(grey continuous line near w,/Qy = 0.26). However, its growth rate for the pancake vortex
varies with Ro while the maximum growth rate for the columnar vortex is independent of
the Rossby number since the dominant mode is two-dimensional. Accordingly, the shape
of the shear instability mode varies somewhat with the Rossby number (see figure 5.13a
for Ro = 20, figure 5.14 for Ro = 0.8 and for figure 5.15d for Ro = 0.25). The mode
for Ro = 20 is almost identical to the one found for Ro = oo (chapter 4). The mode for
Ro = 0.25 (figure 5.15d) is similar but extends vertically around r/R = r;/R = 1.4 where
rr is the inflection point where ¢’(r;) = 0. The same mode has been found by Nguyen et al.
(2012) in quasi-geostrophic fluids. They argued that this mode originates from a baroclinic
instability induced by the critical layer where w, = mf). As can be seen in figure 5.15d, the
mode tends indeed to be distorted along the critical layer which is shown as a thin solid line.
However, figure 5.12 shows that this mode derives continuously from the shear instability.
For this reason, we will call here this instability: mixed baroclinic-shear instability.

Figure 5.16 outlines the effect of the Rossby number on the maximum growth rate and
associated frequency of each instability. The centrifugal instability (dashed line with circle)
is stabilized for —3 < Ro < 17 and is stronger for negative Rossby number than for positive
ones as already observed for m = 0 and m = 1. Strikingly, the opposite behaviour is
observed for the shear instability (dashed line with filled circle): it tends to be enhanced
for moderate positive Rossby numbers and attenuated for finite negative Rossby numbers.
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Figure 5.12: Growth rate (w;/€) and frequency (w,/€p) spectra for m = 2 for different
Rossby numbers Ro: (a) Ro = oo, (b) Ro = 20, (¢) Ro = 0.8 and (d) Ro = 0.25
for Fj, = 0.5 and Re = 10000. Discrete symbols (o: for symmetric and * for anti-
symmetric modes) are for pancake vortices for a = 1.2 and thick continuous
lines (=) are for columnar vortices (o = c0).
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Figure 5.13: (Colour online) Real part of the radial velocity perturbation Re(u,) of (a) the
shear mode (2, 1) and (b) the centrifugal mode (2, 2) for Ro = 20 (figure 5.12b).
The horizontal lines are isopycnals. The dotted line indicates the extension of
the base flow where Q@ = 0.1Qg. The thin dash dotted line in (a) shows the
inflection radius r; where ¢'(r;) = 0. The thick dashed line (---) in (b)
indicates the contour where the Rayleigh discriminant ® vanishes.
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Figure 5.14: (Colour online) Real part of the radial velocity perturbation Re(u,) of the
mixed baroclinic-shear mode (2, 1) for Ro = 0.8 (figure 5.12¢). The horizontal
lines are isopycnals. The dotted line indicates the extension of the base flow
where 2 = 0.1Q29. The thin dash dotted line shows the inflection radius r;
where ¢'(r;) = 0.
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Figure 5.15: (Colour online) Real part of the radial velocity perturbation Re(u,) of the
baroclinic instability: (a) mode (2, 1), (b) mode (2,2) and (c¢) mode (2,4), and
(d) the mixed baroclinic-shear mode (2,5) for Ro = 0.25 (figure 5.12d). The
horizontal lines are isopycnals. The dotted line indicates the extension of the
base flow where 2 = 0.1Q9. The double dotted dashed line (="=') shows where
the isopycnal potential vorticity gradient (5.21) changes sign. The thin solid
and dash dotted lines in (d) show the critical layer where w, = m€Q(r, z) and
inflection radius r; where (’(r;) = 0, respectively.
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Figure 5.16: (a) Maximum growth rates and (b) corresponding frequencies of the different
types of instabilities as a function of Ro for m = 2,a = 1.2, F, = 0.5 and
Re = 10000: centrifugal instability - o-, shear instability - -, baroclinic-shear
instability - +- and baroclinic instability -+-. The upper z axis indicates the
corresponding value of the square root of the Burger number v/Bu. The hori-

zontal dotted lines (--+---) indicate the growth rates and frequencies for Ro = oo
of the centrifugal and shear instabilities. The shaded region is gravitationally
unstable.

129




Chapter 5. Stability of a pancake vortex in stratified-rotating fluids

(a) (b) 9
008} . 0.8 | o] -
(=}
S 006 1 s sl &55‘ |
3 0 ~ o =00
fé 0 04(; _o® o 1 3 04F 0=0+-00--0
E 1
0.02 | i - 0.2 |- :
1
0 I \ ‘o_o-O' ‘? oL \ \ .
—20 0 20 40 —20 0 20 40
Ro

Figure 5.17: (a) Maximum growth rates and (b) corresponding frequencies of the centrifugal
instability for columnar (thick continuous lines, ) and pancake (o = 1.2)
(symboled lines, -0-) vortices for m = 2, F;, = 0.5 and Re = 10000. The
dashed grey line ( ) shows the asymptotic maximum growth rate (5.17).

However, the growth rate of the shear instability decreases to zero as Ro decreases from
Ro =7to Ro= 1. Below Ro =1 (which corresponds to Bu = 1 as indicated in the upper x
axis), it starts to re-increase but the instability is then of the mixed type: baroclinic-shear
instability. Such growth rate minimum for Bu ~ 1 is consistent with the results of Nguyen
et al. (2012). This mixed instability exists down to Ro = —0.6 while the classical shear
instability reappears for Ro = —23. The baroclinic instability co-exists for small Rossby
numbers in the range 0 < Ro < 0.4. Its growth rate becomes very high as soon as the
Rossby number threshold is crossed but its frequency remains almost constant w, = 0.52
figure 5.16b.

In figure 5.17, the maximum growth rate and associated frequency of the centrifugal insta-
bility for m = 2 for a pancake vortex is further compared to the one for a columnar vortex.
As already seen for m = 0 and m = 1, they are close. The asymptotic formula (5.17)
predicts quite well their characteristics.

5.4 Effect of the other parameters for a fixed Rossby number
around unity

In this section, we now fix the Rossby number to Ro = 1.25 and vary the other control
parameters: Reynolds number, Re, aspect ratio, a and Froude number, F}. For this value
of the Rossby number, the centrifugal instability is not active but all the other instabilities
seen in section 5.3 may occur for some parameter combinations. Only the most unstable
mode for each type of instability will be studied and the two azimuthal wavenumbers m = 1
and m = 2 will be presented together (m = 0 is stable for Ro = 1.25).

5.4.1 Effect of the Reynolds number

Figure 5.18 shows the effect of the Reynolds number on the maximum growth rate and
associated frequency for a = 0.5, Fp, = 0.3 and Ro = 1.25. The growth rates of the Gent-
McWilliams instability (dashed line with triangle) and shear instability (dashed line with
filled circle) asymptote to a constant value for large Re and decreases to zero for Re ~ 1000
and Re ~ 2000, respectively. Surprisingly, the growth rate of the displacement mode (dashed
line with square) first increases when the Reynolds number decreases. Thereby, it is most
unstable for a finite Reynolds number Re = 500. The instability of the displacement mode
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Figure 5.18: (a) Maximum growth rates and (b) corresponding frequencies of the Gent-
McWilliams instability (-4-), displacement mode (-=-) for m = 1 and
baroclinic-shear instability (-+-) for m = 2 as a function of the Reynolds
number Re for a = 0.5, F}, = 0.3, and Ro = 1.25.

is therefore of viscous origin. A similar viscous instability of the displacement mode of
a columnar vortex exists in stratified-rotating fluids (Billant, 2010). In summary, for the
given parameters a = 0.5, F, = 0.5 and Ro = 1.25, the m = 1 displacement instability
is dominant for Re < 2000 while the m = 1 Gent-McWilliams instability is dominant for
higher Re.

5.4.2 Effect of the Froude number

The Froude number is now varied for Re = 10000 still for « = 0.5 and Ro = 1.25 (figure
5.19). The displacement mode (dashed line with squares) keeps a very low growth rate
and frequency independently of the Froude number. In contrast, the growth rate of the
Gent-McWilliams instability (dashed line with triangle) fluctuates with Fj,: it exhibits two
successive maxima as the Froude number increases before increasing widely when it trans-
forms into the mixed baroclinic-Gent-McWilliams instability. The structure of the mode for
some selected Froude numbers is displayed in figure 5.20. For Fj, = 0.05, the mode exhibits
five oscillations along the vertical and is symmetric while for Fj; = 0.2, it has only two
oscillations occupying the whole pancake vortex and is anti-symmetric as seen before (see
figure 5.7a). This change of structure explains why there is a slight frequency jump in figure
5.19b (dashed line with triangles) and two growth rate maxima (figure 5.19a). For Fj, = 0.4
(figure 5.20c), the mode is of mixed type: baroclinic-Gent-McWilliams with a frequency
above the cutoff w, = 0.135Q)y of the Gent-McWilliams instability and below the frequency
wyr = 0.25Q0 of the baroclinic instability (figure 5.19b).

The shear instability for m = 2 (dashed line with filled circles in figure 5.19) is most unstable
for Fy, ~ 0 and stabilizes for Fj ~ 0.1. However, it becomes again unstable for Fj > 0.3
but under the mixed form of the shear-baroclinic instability (dashed line with stars). When
F}, > 0.4, the baroclinic instability for m = 2 (dashed line with crosses) becomes quickly
strongly unstable as F}, increases but with a constant frequency w, ~ 0.52¢. Three examples
of mode corresponding to these three types of instability for m = 2 are shown in figure 5.21.
For small F}, the shear mode (figure 5.21a) is strongly localized near z = 0 where the
radial shear is maximum. In contrast, the shear-baroclinic mode (figure 5.21b,c) occupies
the whole pancake vortex as already seen in section 5.3.3.

131




Chapter 5. Stability of a pancake vortex in stratified-rotating fluids

0.06 T T =
(a) Yoo (b) il
' i
A 04 L
= 004} v : |
< R |
3 y L& |
= , ' : 3‘* 'N..__~ ‘-’_‘
g 0021 Y 2N foor 021 i 4 L
A S v ! ‘ 4
‘,#{ L‘*—#* ar % A‘,A" :
’* 1 | - |
0 bdl::-_l:*:f’:l,?i—luil-ll—n-T | A :
| - | | 1 0 A
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Fy Fy,

Figure 5.19: (a) Maximum growth rates and (b) corresponding frequencies as a function of
the Froude number F} for a = 0.5, m = 1 and 2, Ro = 1.25 and Re = 10000
for different instabilities: displacement mode (- =-); Gent-McWilliams instabil-
ity (-4-); baroclinic-Gent-McWilliams instability (-¥-); baroclinic instability
(-+-) for m = 1; shear instability (- *-); baroclinic-shear instability (- *-) and
baroclinic instability for m = 2 (-A-). The shaded area indicates the gravita-

tionally unstable region.

Figure 5.20: Real part of the radial velocity perturbation Re(u,) of the most unstable mode
for different Froude numbers: the Gent-McWilliams insatiability (a) F = 0.05
and (b) Fj, = 0.2, and (c) the mixed baroclinic-Gent-McWilliams instability
Fp, =04 for m = 1,a = 0.5, Ro = 1.25, and Re = 10000. The dotted line

indicates the extension of the base flow where 2 = 0.1Q.
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Figure 5.21: Real part of the radial velocity perturbation Re(u,) of the most unstable modes
for different Froude numbers: the shear instability (a) F}, = 0.05 and the mixed
baroclinic-shear instability (b) Fj, = 0.3 and (¢) Fp, = 0.45 for m = 2, =
0.5, Ro = 1.25 and Re = 10000. The dotted line indicates the extension of the
base flow where Q = 0.1Qy. The solid lines (—) are the critical layer (r., z.)
where mQ(r., z.) = wy.

5.4.3 Effect of the aspect ratio

We now vary the aspect ratio keeping the other parameters to the same values as before:
F, = 0.3, Ro =1.25 and Re = 10000 (figure 5.22). For m = 1, the displacement mode (dot-
ted line with squares) remains only marginally unstable while the growth rate of the Gent-
McWilliams instability (dashed line with triangles) is large but varies non-monotonically
with the aspect ratio. It exhibits two maxima, for & ~ 1 and for large «. For very small «,
the growth rate rises again but the instability is then under the form of the mixed baroclinic-
Gent-McWilliams instability. The full spectra for three aspect ratios are displayed in figure
5.23 along with the spectra for a@ = oo, i.e. for a columnar vortex (solid line). For small
aspect ratio (figure 5.23a), there exist only two unstable modes: the displacement mode
near the origin and the baroclinic-Gent-McWilliams instability near w = 0.2y whose eigen-
mode is shown in figure 5.24a. This markedly differs from the columnar case (solid line).
In contrast, for larger aspect ratios (a = 3, figure 5.23b), many modes appear within the
frequency range of the columnar vortex. They are however less unstable than for o = 0.38.
At even larger aspect ratio a = 10 (figure 5.23c), the spectrum becomes denser with a bell
shape resembling the spectra of the columnar vortex. However, the maximum growth rate
for the columnar vortex is still higher. The most unstable eigenmode for o = 10 (figure
5.24c) presents a vertical wavelength A ~ 5.23R close to the most amplified wavelength of
the columnar vortex A ~ 4.5R. A longer typical wavelength A ~ 6.16R is observed for o = 3
(figure 5.24b).

As seen in figure 5.22a, the shear instability (dashed line with filled circles) is only unstable
for large aspect ratio a > 2. However, for small «, it reappears in the form of the mixed
baroclinic-shear instability (dashed line with stars). The pure baroclinic instability for
m = 2 (dashed line with cross) also arises for very small aspect ratio.

5.4.4 Scaling in terms of the vertical Froude number

The two previous sections have revealed different growth rate variations as a function of the
Froude number and aspect ratio. However, figure 5.25 shows that the growth rate variations
are actually almost identical when represented as a function of the vertical Froude number
Fp/a. The transition from Gent-McWilliams instability to baroclinic-Gent-McWilliams
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Figure 5.22: (a) Maximum growth rates and (b) corresponding frequencies as a function
of aspect ratio « for Fj, = 0.3, m = 1 and 2, Ro = 1.25 and Re = 10000
for different instabilities: displacement mode (- =-); Gent-McWilliams instabil-
ity (-4-); baroclinic-Gent-McWilliams instability (-¥-); baroclinic instability
(-+-) for m = 1; shear instability (- - ); baroclinic-shear instability (- *-) and
baroclinic instability for m = 2 (-A-). The shaded area indicates the gravita-
tionally unstable region.
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Figure 5.23: Growth rate (w;/€y) and frequency (w,/€) spectra for m = 1 for different
aspect ratios: (a) a = 0.38, (b) @ =3 and (c) a = 10 for Fj, = 0.3, Ro = 1.25,
and Re = 10000. The solid line (——) indicates the spectrum for the columnar
vortex for the same F}, Ro and Re.

134



5.4. Effect of the other parameters for a fixed Rossby number around unity

=038 | () a=3

r/R

Figure 5.24: Real part of the radial velocity perturbation Re(u,) of the most unstable mode
for different aspect ratios: the mixed baroclinic-Gent-McWilliams instability
(a) @ = 0.38 and the Gent-McWilliams instability (b) o = 3 and (c¢) a = 10 for
F, = 0.3, Ro = 1.25 and Re = 10000. The dotted line indicates the extension
of the base flow where 2 = 0.1€).

instability occurs near Bu ~ 1 (see the upper z axis) as found in quasi-geostrophic fluid
(Nguyen et al., 2012). The only deviation from this self-similarity is for small F},/a: when
Fp,/a < 0.1, the growth rate of the Gent-McWilliams instability grows with decreasing Fy,/«
when « is varied and F}, kept constant whereas it decreases when « is fixed and Fj, is varied.
This difference comes partly from viscous effects due to vertical shear since they scale like
1/ReF; ,% because the typical vertical scale L, scales like L, ~ Fp R. Thus, they increase when
the Froude number decreases keeping the Reynolds number constant. A small discrepancy
is also observed for m = 2 when F}/a is small.

5.4.5 Energy budget

The previous section has evidenced a transform of both the shear and Gent-McWilliams
instabilities into mixed baroclinic instabilities when the vertical Froude number is above
a threshold. This transformation is apparent from the frequency and the structure of the
modes. In order to confirm these transformations from the point of view of the energet-
ics, we have computed the energy budget of the modes (Ménesguen et al., 2012). To do
so, the linearized equations (5.8) — (5.11) have been multiplied by the complex conjugate
(uy, up, ul, p*), respectively and their real part have been integrated over the flow domain.
This gives the energy balances:

wiEk - Sk =—-B-— Dk, (522)
w;E, — Sp = B — Dy, (5.23)
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Figure 5.25: Maximum growth rates as a function of vertical Froude number F}, /o for m = 1
and 2, Ro = 1.25 and Re = 10000. The upper x axis indicates the corresponding
value of v/Bu. The filled symbols indicate when Fj, is varied for a = 0.5 and
open symbols when « is varied for Fj = 0.3. Different symbols are used for
each instability: Gent-McWilliams (-4-), baroclinic-Gent-McWilliams (--v-),
baroclinic (<) instabilities for m = 1, and shear (O, baroclinic-shear (--O-)
and baroclinic (<) instabilities for m = 2.
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Figure 5.26: Kinetic and potential energy transfer Sy () and S, () and energy con-
version B () of the energy balances (5.22) and (5.23) (a) for m = 1 and (b)
m = 2 for « = 0.5, Ro = 1.25 and Re = 10000.
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Zmax Rmax

1
Ep = / / 3 (upuy 4+ uguy + uyul) rdrdz, (5.24)
7Zmax 0

Zmax Rmax

pp*
E, = / /2N2rdrdz, (5.25)

7Zmax 0

Zmax Rmax

1 o, . o, *
Sk = ~1 / / " (urug + ugu,) + rg(uzug + u up)drdz, (5.26)

7Zmax 0
Zmax Rmax
1 g 9y g 9
Sp = 1 / / <p0N2 E(U;P +p'up) + Wg(uip +ptuz) | rdrdz,  (5.27)
_Zmax 0

Zmax Rmax

1
B = 1 / / (pul + p*uy)rdrdz. (5.28)

_Zmax 0

Ej and E, are the kinetic and potential energies of the perturbation. The term Sy (S))
represents the transfer of kinetic (potential) energy from the base flow to the perturbation.
The term B is the energy conversion from the kinetic to potential energy of the perturbation.
Dy, and D, are the kinetic and potential energy dissipations. They are small and will not be
considered here. The transfers are plotted in figure 5.26 as a function of Fj/a for m = 1 and
m = 2 for « = 0.5, Ro = 1.25 and Re = 10000. These parameters correspond to the filled
symbols in figure 5.25. For both m =1 (figure 5.26a) and m = 2 (figure 5.26b), the kinetic
energy transfer Sy is positive for Fj/a < 0.5 (Bu > 1.5), while the potential energy transfer
Sy is smaller and negative. This means that the source of the instability is the kinetic energy
of the base flow. For m = 1, a part of the kinetic energy of the perturbation is converted
to potential energy since B is positive. For m = 2 (figure 5.26b), the energy conversion
B is negative for Fj/a < 0.1 and then positive and of the same order as Si. In contrast,
when Fj, /o > 0.5 (Bu < 1.5), the potential energy transfer S, becomes positive while Sy, is
negative. The energy source of the instability is therefore the potential energy of the base
flow. This confirms that the baroclinicity then plays an important role and the instabilities
are of mixed nature: baroclinic-Gent-McWilliams and baroclinic-shear instabilities.

5.5 Condition of existence of the shear instability

In this section, we will show that the variations of the growth rate of the shear instability for
m = 2 as a function of Ro, F} and a can be directly understood from the characteristics of
the shear instability for a columnar vortex. As demonstrated for stratified non-rotating fluids
in chapter 4, the shear instability for columnar vortices only exists for vertical wavenumbers
k in the range kRFy, < 1.6. The minimum wavelength is therefore Ani, ~ 4F,R. One
wavelength will fit in the thickness of the pancake vortex 2aR only if Fj/a < 0.5. This
condition turns out to explain very well the existence of the shear instability for pancake
vortices in stratified non-rotating fluids. Here, we extend this criterion to arbitrary Rossby
number Ro. Figure 5.27 shows the growth rate of the shear instability for a columnar vortex
as a function of the rescaled vertical wavenumber kRF},/|Ro|. The growth rate is maximum
in the 2D limit £ = 0 and decreases monotonically as kRF},/|Ro| increases. When F}, is
fixed and Ro is varied (figure 5.27a), the upper wavenumber cutoff kRF}, /| Ro| varies. Note
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Figure 5.27: Growth rate for m = 2 for a columnar vortex as a function of the rescaled axial
wavenumber kRFy, /|Ro|: (a) for different Rossby numbers Ro at fixed F}, = 0.5
and Re = 10000: ----- Ro=20; --- Ro=7;, — Ro=2; --- Ro= -3 and
(b) for different Froude numbers Fj, at fixed Ro = 2 and Re = 10000: -
Fp=01— F, =055-- Fj, = 1; ==+ F) = 2.

that the unstable branch near kRF} /|Ro| = 0.5 for Ro = 20 corresponds to the centrifugal
instability. On the other hand, when Fj, is varied between 0.1 and 2 at fixed Ro as in
figure 5.27b, all the curves remain similar and stabilizes for kRF},/|Ro| ~ 0.3. This suggests
that the wavenumber cutoff can be written kF,R = c¢(Ro) where ¢ is a function of Ro.
The growth rate of the shear instability is shown in figure 5.28a as a function of Ro and
kRF},. The wavenumber cutoff kRF}, first increases as Ro decreases from Ro = oo and
then decreases and follow the quasi-geostrophic scaling law kRF}/Ro = const for small
Rossby numbers. For negative Rossby numbers, the cutoff re-increases monotonically as
Ro decreases. As discussed in chapter 4, we consider that the thickness of the pancake
vortex 2aR corresponds to the maximum wavelength (or minimum wavenumber) that can
fit along the vertical. This yields the condition Fj, /a0 < ¢(Ro)/ for the existence of the shear
instability. This critical vertical Froude number is plotted in figure 5.28b. Assuming further
that the equivalent vertical wavenumber of the most unstable mode of the shear instability
for the pancake vortex is always the smallest fitting along the vertical, i.e. kR = 7w/, one
can compare the growth rate of the shear instability for columnar and pancake vortices as
done in figure 5.17 for two different Rossby numbers Ro = 1.25 and Ro = —5. As can
be seen, the growth rate for columnar and pancake vortices are in very good agreement
for both Ro and vanish around the same value of F}/a (or equivalently kRFEF} /7). For
Ro = 1.25, the growth rate for the pancake vortex rises again for Fj/a > 0.5 owing to the
mixed baroclinic-shear instability.

A similar comparison is made in figure 5.30 but now as a function of the Rossby number
for the parameters a = 1.2, Fj, = 0.5 and Re = 10000 that have been presented in section
5.3.3. The maximum growth rate of the shear instability for the pancake vortex agrees quite
well with the one of the columnar vortex for kR = 7/a. In particular, the shear instability
is stabilized in the same range of Rossby number: —20 < Ro < 3. Again, the growth
rate for the pancake vortex rises for small Rossby number but under the mixed form of the
baroclinic-shear instability. As a conclusion, these results demonstrate that the maximum
growth rate of the shear instability in pancake vortices corresponds in good approximation
to its growth rate in columnar vortices for the smallest vertical wavenumber kR = 7/«
fitting in the pancake vortex. When this wavenumber is beyond the upper wavenumber
cutoff, i.e. m/a > ¢(Ro)/Fy, the shear instability is suppressed in pancake vortices.
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Figure 5.28: (a) Growth rate w;/Q of the shear instability for a columnar vortex as a func-
tion of Rossby number Ro and the rescaled vertical wavenumber kR F}, for fixed
Fj, = 0.2 and Re = 10000. The vertical dotted line is the wavenumber cutoff
kRF}, = 1.6 for Ro = oco. (b) Critical vertical Froude number Fj/a for the
shear instability as a function of Ro deduced from the wavenumber cutoff for
a columnar vortex.
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Figure 5.29: Maximum growth rate of the shear instability for columnar (for kR = 7/«)
(=) and pancake (-*-) vortices as a function of Fj/a for m = 2, F, = 0.3
and Re = 10000 for (a) Ro = 1.25 and (b) Ro = —5. The vertical shaded region
is the gravitationally unstable region. -+- in (a) indicates the baroclinic-shear
instability.
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Figure 5.30: Maximum growth rate of the shear instability for columnar ( ) and pancake
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5.6 Scaling laws for the Gent-McWillliams instability

The fluctuations of the growth rate of the Gent-McWilliams instability as a function of
the vertical Froude number F},/a (figure 5.25) can be also understood by comparison with
the columnar case. First, the vertical wavenumber k of the Gent-McWilliams eigenmodes
for pancake vortices can be estimated as k = 27 /X where A is twice the vertical distance
between contiguous minimum and maximum of the radial velocity perturbation. The growth
rate plotted as a function of this wavenumber scaled by Fj R is shown in figure 5.31. The
corresponding growth rate for a columnar vortex is shown by the grey continuous line.

Let us first focus on figure 5.31a where the Froude number is fixed while the aspect ratio
varies. When « increases from o = 0.5 to a = 3, the growth rate of the Gent-McWilliams
instability for the pancake vortex (dashed line with triangles) increases and then decreases
in a fashion similar to the columnar case. In particular, the growth rate is maximum for
kRFy = 0.6 near the most amplified wavenumber kRF}, of the columnar vortex. Neverthe-
less, the growth rate maximum for the pancake vortex is much smaller than for the columnar
vortex. Along the curve, the eigenmodes remains similar to the one shown in figure 5.20b,
i.e. the mode has a single oscillation along the vertical and occupies the whole pancake
vortex. However, when o = 3, a secondary mode with a structure similar to the one shown
in figure 5.24b starts to have a growth rate as high as the primary mode. The wavenumber
of this secondary mode is much higher and its growth rate is shown by the dashed line with
diamond in figure 5.31a. When « is further increased, the growth rate of this secondary
mode increases rapidly but its estimated wavenumber decreases only slightly toward the
most amplified wavenumber of the columnar vortex. Along this curve, the eigenmode has
therefore more and more oscillations along the vertical like in figure 5.24c. In other words,
the confinement effect due to the pancake shape becomes weaker as the vortex becomes
taller. Alternatively, when « is kept constant o = 0.5 (figure 5.31b), a similar evolution is
first observed when the Froude number is decreased from Fj, = 0.3 to Fj, = 0.05 (dashed
line with triangles). When Fj, = 0.05, a secondary mode (dashed line with diamonds) be-
comes also unstable as the primary mode. This occurs for the same vertical Froude number
Fp/a = 0.1 as in figure 5.31a. The structure of this secondary mode is shown in figure
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Figure 5.31: Maximum growth rate as a function of the estimated vertical wavenumber kRF},
for m =1, Ro = 1.25 and Re = 10000. (a) F}, is varied for a = 0.5 and (b) «
is varied for Fj = 0.3. The thick grey line corresponds to the columnar vortex
with the same parameters. The symbols are: -4 for Fj,/a > 0.1 and 4 for
Fp/a < 0.1 in Figure 5.25.

5.20a. However, the growth rate of the secondary mode first increases slightly as Fj, is
further decreased and then it decreases toward zero while its wavenumber also decreases.

The difference in behaviour compared to figure 5.31a comes probably from the fact that the
buoyancy Reynolds number ReF; ff becomes too low when the Froude number Fj, is decreased
below 0.05. It would be interesting to increase the Reynolds number to test this hypothesis.

5.7 Detailed study of the baroclinic instability

In sections 5.3 and 5.4, the baroclinic instability has been observed for m = 1 and m = 2 near
the threshold for the gravitational instability. Here, we will further study its dependence
on the Rossby number Ro and the vertical Froude number Fj,/«. In addition, we will show
that the baroclinic instability destabilizes also higher azimuthal wavenumbers. A theoretical
criterion and scaling laws for the baroclinic instability will be next derived following the
approach used in chapter 4 for stratified non-rotating fluid.

5.7.1 A typical example

Figure 5.32 shows the spectra of the baroclinic instability for a = 0.5, F, = 0.3, Ro = 0.4
and Re = 10000 for different azimuthal wavenumbers m. These control parameters are very
close to the threshold of the gravitational instability which is F} = 0.32 for « = 0.5 and
Ro = 0.4. Among all azimuthal wavenumbers, m = 2 is the most unstable. For each m, the
most unstable mode is anti-symmetric (black symbol) and the second most unstable mode is
symmetric (grey symbol). Nevertheless, the growth rate difference between anti-symmetric
and symmetric modes becomes very small as m increases. The displacement mode is also
observed for m = 1 near the origin and the baroclinic-shear mode for m = 2 is located near
wy/Qo = 0.18 with a small growth rate compared to the baroclinic instability. No different
instability type is found for other azimuthal wavenumbers m > 3 . The characteristic
frequency of each azimuthal wavenumber is proportional to m: w,/Qy ~ 0.25m, i.e. the
azimuthal phase velocity is constant. In fact, this corresponds clear to the angular velocity
of the base flow Q(rp, z5) ~ 0.25 at the point 7, = 0, 2, = 1.17A where the vertical density
gradient dp;/0z is maximum for o = 0.5, Fj, = 0.5 and Ro = 0.4.
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Figure 5.32: Growth rate (w;/€) and frequency (w,/€o) spectra of the baroclinic instability
for different azimuthal wavenumbers: m = 1 (*); m =2 (0); m =3 (4); m =4
(+); m =5 (o) for @ = 0.5, F}, = 0.3, Ro = 0.4, and Re = 10000. Grey and black
symbols indicate symmetric and anti-symmetric modes, respectively.

Figure 5.33 shows the first three anti-symmetric eigenmodes for m = 3. As already shown
for m = 1 and m = 2, the number of oscillations in the radial direction increases with
the mode number while the vertical structure remains the same. Figure 5.34a shows the
growth rate as a function of the radial wavenumber | = 27/\, where the radial wavelength
A has been measured for each eigenmode as illustrated in figure 5.33b. For each azimuthal
wavenumber, the growth rate decreases monotonically as [ increases. As already visible in
figure 5.32, the maximum growth rate exhibits a bell-shape curve as a function of m (figure
5.34b). No instabilities has been found for m = 0 and m > 6. These wavenumber properties
are very reminiscent of the baroclinic instability in parallel shear flows (Vallis, 2006).

5.7.2 Parametric study

Figure 5.35 outlines the effect of the Rossby number on the most unstable baroclinic mode for
each azimuthal wavenumber for a« = 0.5, Fj, = 0.3 and Re = 10000. When Ro increases, the
growth rate decreases all the more faster than m is large. Hence, m = 3 is the most unstable
azimuthal wavenumber when Ro is close to the threshold for the gravitational instability
whereas m = 1 becomes the most unstable for Ro > 0.5. In contrast, the frequency of each
azimuthal wavenumber is independent of the Rossby number (figure 5.35). Similarly, figure
5.36 shows the effect of the Froude number for o = 0.5, Ro = 0.4 and Re = 10000. The
frequency is again independent of the Froude number (figure 5.36b) whereas the maximum
growth rate (figure 5.36a) increases with Fj/a all the mode faster than m is large.

5.7.3 A simple analytical model

In chapter 4, a model consisting in a bounded vortex with an angular velocity varying
only in the vertical direction has been considered and shown to account qualitatively for the
characteristics of the baroclinic instability in stratified non-rotating fluids. Such model takes
into account the main features of the base pancake vortex in the core where the baroclinic
instability develops. Its stability can be solved analytically when the vertical variations are
weak. Here, this model is extended to take into account a background rotation. The base
angular velocity of the vortex is assumed to be

Q=00 — Mz, (5.29)

142



5.7. Detailed study of the baroclinic instability

2| a)/ @1 1 |k - @y [© '(3,5)
e

0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2

Figure 5.33: Real part of the radial velocity perturbation Re(u, ) for the three anti-symmetric
baroclinic modes for m = 3: (a) the most unstable mode (3,1), (b) (3,3) and
(c) (3,5) for « = 0.5, F}, = 0.3, Ro = 0.4 and Re = 10000. The dotted line
indicates the extension of the base flow where 2 = 0.1€25. The double dotted
dashed line (='=') shows where the isopycnal potential vorticity gradient (5.21)
changes sign.
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Figure 5.34: (a) Growth rate (w;/€p) as a function of the radial wavenumber [ for different
azimuthal wavenumbers: m = 1 (*); m = 2 (0); m =3 (&); m =4 (+); m =5 ()
and (b) maximum growth rate as a function of the azimuthal wavenumber m
for « = 0.5, Fj, = 0.3, Ro = 0.4, and Re = 10000.
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Figure 5.35: (a) Maximum growth rates and (b) corresponding frequencies of the baro-
clinic instability (dark solid lines) as a function of Ro for different azimuthal
wavenumbers: m =1 (*); m =2 (0); m =3 (&); m =4 (+); m =5 (e) for
a = 0.5,F, = 0.3 and Re = 10000. Grey symbols indicate other instabili-
ties: baroclinic-shear instability - e- for m = 2 and displacement mode - =- for
m = 1. The shaded area indicates the gravitationally unstable region.
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Figure 5.36: (a) Maximum growth rates and (b) corresponding frequencies of the baro-
clinic instability (dark solid lines) as a function of F},/« for different azimuthal
wavenumbers:m =1 (¥); m =2 (0); m =3 (4); m =4 (+); m =5 (e) for
a = 0.5, Ro = 0.4, and Re = 10000. Grey symbols indicate other instabili-
ties: baroclinic-shear instability - - for m = 2 and displacement mode - =- for
m = 1. The shaded area indicates the gravitationally unstable region.
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where )y and Q; are constants. From the thermal-wind relation (5.4), the base density is
obtained as f

Pb:po|:QO+2—

g
As in chapter 4, we consider that the base flow is contained in a rigid cylinder of radius R
and height H between z = —H/2 and z = H/2. By assuming that the vertical variations
are weak, i.e. W H < |Qo + f/2], the equation (5.8)—(5.12) in the inviscid limit can be
reduced at leading order in Q1 to

10 dp m? 5 02 _ ~5

le} Q2. (5.30)

where C' = 2|Qo + f/2|/N. Note that the hypothesis Q1 H < |Qq + f/2| is not valid around
Ro == 2Qy/f = —1. The only difference in (5.31) with the stratified non-rotating case
considered in chapter 4 is contained in the constant C. The general solution of (5.31) is

p = Jm(Ckr) (Acoshkz + Bsinhkz), (5.32)

where J,,, is the Bessel function of order m of the first kind and A and B are constants.
Imposing the boundary conditions u,(z = £H/2) = 0 and u,(r = R) = 0 yield two relations
similar to those for the classical Eady problem (Vallis, 2006)

o omfy kH kH tanh(kH/2)
w =mfy + 7 \/<1 - 2tanh(kH/2)> <1 - 5 , (5.33)
CkR = pmn, (5.34)

where [y, 1, is the nth root of J,,. Combining the condition for instability kH < 2.4 and the
fact that pu,, > pi,1 = 3.83, yield the instability condition

F, 1
=L} -
Ro

> 0.8, (5.35)

where & = H/R and F, = QO/N. This condition simply states that the Burger number Bu =
a2N?/(f+20)? based on the absolute angular velocity Qo+ f/2 should be below a threshold
for instability. When Ro < 1, (5.35) recovers the classical condition for the baroclinic
instability (Eady, 1949; Saunders, 1973; Hide & Mason, 1975). We can also derive scaling
laws for the maximum growth rate and the most amplified wavenumber (5.33). For any m,
the growth rate is maximum for the first root of the Bessel function n = 1. An asymptotic
expansion of this root for large m is pim,1 = m + 1.856m!/3 + O(m~'/3) (Abramowitz &
Stegun, 1972). Taking only the leading order of this expansion, i.e. p, 1 ~ m, (5.34) implies
m/k = CR. The growth rate is thus maximum when the term inside the square root in
(5.33) is minimum, i.e. when kH = 1.6. The most amplified azimuthal wavenumber is
therefore

Fy, 1
Mma a + Bo ( )
and the maximum growth rate is
- K 1
Wimax = 0.6 R=" |1+ = (5.37)
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Figure 5.37: (a) Maximum growth rate and (b) most amplified azimuthal wavenumber m of
the baroclinic instability for different combinations of Ro and F}: Ro = 0.4,
F}, varies o, Fy, = 0.3, Ro varies ¢, Ro = 1, Fj, = 0.42 x, Ro = 5, Fj, = 0.67 0,
Ro =10, F;, =0.74 Ro = -5, Fj, = 0.8 * and Ro = oo, F}, varies +. Other
parameters are fixed to a = 0.5, Re = 10000. The dotted line in (a) is a fit.

for large m. These scaling laws are tested in figure 5.37 for the baroclinic instability of
the pancake vortex by assuming that Fj,/a|l 4+ 1/Ro| is equivalent to Fj,/@|1 + 1/Ro).
Different combinations of Fj and Ro for @ = 0.5 and Re = 10000. As seen in figure
5.37a, the maximum growth rate align in a straight line when represented as a function
of F/a|l + 1/Ro|. The baroclinic instability only occurs for Fj/a|l + 1/Ro| > 1.46 in
qualitative agreement with (5.35). Note that the leftmost (star) in figure 5.37a, which is
slightly away from the other points, is for a negative Rossby number Ro = —5. Similarly,
figure 5.37b shows that the most amplified azimuthal wavenumber increases approximately
linearly with Fj, /|1 + 1/Ro|.

Figure 5.38 displays a map of the domain of existence of the baroclinic instability in the pa-
rameter space (F},/a, Ro). The dashed line represents the threshold Fj,/a(|14+1/Ro|) = 1.46
deduced from figure 5.37a. The shaded region delimited by the solid line is gravitationally
unstable. The circle symbols indicate the parameter for which the baroclinic instability has
been observed for m = 2, Re = 10000 and o = 0.5 while the cross symbols correspond to
the parameters stable to the baroclinic instability for m = 2. We can see that there is a
good agreement between the threshold Fj, /(|1 + 1/Ro|) = 1.46 and the numerical results
for positive Rossby number. However, the threshold departs from the numerical results for
negative Rossby number. This is most likely due to the assumption of the slow vertical
variation WH < Qo + f /2 used to derive the theoretical scaling laws. This hypothesis
indeed breaks down around Ro = —1. Furthermore, the location where the density gradient
is maximum actually varies with the Rossby number implying that € also varies with Ro.
These variations could be taken into account in a refined analysis.

5.8 Map of the instabilities

Figure 5.39 summarizes the different instabilities observed for each azimuthal wavenumbers
m = 0,1 and 2 in the parameter space (Ro, F}/a) for Re = 10000 and various aspect
ratios. The symbols indicate the instability type while the lines separate the different
semi-theoretical thresholds that have been derived throughout the paper. The solid lines
correspond to the thresholds for the centrifugal instability that can be obtained from the
asymptotic formula (5.17). For each azimuthal wavenumber, there is a stabilization at
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Figure 5.38: Domain of existence of the baroclinic instability for m = 2 as a function of
Fp/a and Ro for o = 0.5 and Re = 10000: circles (0) indicate the parameters
unstable to baroclinic instability, crosses (x) are for the stable case. The shaded
area indicates gravitational instability and the dashed line (---) corresponds
to the threshold Fj (|1 + 1/Ro|) = 1.46.
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low Froude numbers because the buoyancy Reynolds number ReF?, which control viscous
effects, decreases. The criterion for the baroclinic instability Fj, /a(|1+1/Ro|) = 1.46 is again
shown by a dashed line and the condition derived in section 5.5 for the shear instability is
represented by a dotted line. These conditions are generally in good agreement with the
numerical results for all the parameters investigated. In summary, the centrifugal instability
exists for sufficiently high Rossby and Froude numbers. The shear instability for m = 2 is
present below a critical vertical Froude number F}, /o depending on the Rossby number. The
Gent-McWilliams instability for m = 1 is observed over wide ranges of Ro and F},/« except
when it transforms to the baroclinic-Gent-McWilliams and baroclinic instabilities. The
baroclinic instability occurs only in a small band close to the threshold for the gravitational
instability (shaded region). However, mixed instabilities: baroclinic-shear for m = 2 and
baroclinic-Gent-McWilliams for m = 1 instabilities are also observed beyond the threshold
for the classical baroclinic instability where the Rossby number is not too large.

5.9 Conclusions

We have investigated the stability of an axisymmetric pancake vortex with Gaussian angular
velocity in both radial and vertical directions in stratified rotating fluids. In stratified non-
rotating fluids, chapter 4 and Negretti & Billant (2013) have shown that a pancake vortex can
be unstable to centrifugal, shear, baroclinic and gravitational instabilities. The centrifugal
instability occurs when the buoyancy Reynolds number ReF; ,3 is sufficiently large while the
three other instabilities are mostly governed by the vertical Froude number Fj /o when the
Reynolds number is large. The shear instability develops when Fj/a < 0.5 whereas the
baroclinic and gravitational instabilities are active when Fj,/a > 1.43 and Fj,/a > 1.5,
respectively. In contrast, in quasi-geostrophic fluids, Nguyen et al. (2012) found that, in
general, baroclinic instabilities are dominant for small Burger number Bu = a?Ro?/(4F}) <
1 while barotropic instabilities are dominant for Bu > 1.

In order to link the two limits: stratified non-rotating and quasi-geostrophic, we have first in-
vestigated the effect of the Rossby number for fixed aspect ratio «, Froude Fj, and Reynolds
Re numbers. Then, the effect of the other parameters has been investigated for a fixed
Rossby number of order unity. When |Ro| is large, the centrifugal instability is dominant
since the generalized Rayleigh discriminant ® is negative. It is stabilized for small Rossby
numbers before that ® becomes positive everywhere because of viscous effects. The asymp-
totic formula for the growth rate of the centrifugal instability for columnar vortices for long
axial wavenumber (Billant & Gallaire, 2005) works well also for pancake vortices for m = 0
and m = 2. For m = 1, it is in good agreement with the numerical results only for negative
Rossby numbers. For moderate positive Rossby numbers, there is a discrepancy both for
columnar and pancake vortices because the centrifugal instability merges continuously with
the Gent-McWilliams instability. It is therefore not possible to distinguish them when their
growth rates are comparable. The Gent-McWilliams instability for m = 1 exists over wide
ranges of Rossby and vertical Froude numbers. This instability is due to the presence of
a critical radius where Q = w, in which the vertical vorticity gradient is positive ¢’ > 0
(Gent & McWilliams, 1986; Yim & Billant, 2015). For small Burger number Bu < 1 and
not too large Rossby number, the Gent-McWilliams instability transforms continuously into
a mixed baroclinic-Gent-McWilliams instability. Just below the threshold for the gravita-
tional instability, it becomes a pure baroclinic instability with a frequency set by the angular
velocity at the point where the base density vertical gradient is maximum. For m = 1, the
displacement mode which derives from the translational invariance is also weakly unstable.
It is destabilized by viscous effects since its growth rate is maximum for a finite Reynolds
number and vanishes for Ro — oc.
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Figure 5.39: Domain of existence of the various instabilities for different azimuthal wavenum-
bers (a) m = 0, (b) m =1 and (c¢) m = 2 as a function of Ro and Fj,/« for
Re = 10000 and various «.. The different symbols indicate the different instabil-
ities for each set of parameters investigated: centrifugal (s); Gent-MCWilliams
(+); baroclinic-Gent-McWilliams (v); baroclinic (+); shear (+) and baroclinic-shear
(v) instabilities, and stable (). The shaded area indicates the gravitationally
unstable region, the thick solid line shows the asymptotic growth rate for the
centrifugal instability (5.17) and the dashed line (---) is the threshold the
baroclinic instability: Fj,(|1 4 1/Rol|) = 1.46.
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The shear instability for m = 2 exists when F}, /o < ¢(Ro)/m where ¢ is a function of Ro. This
condition derives directly from the fact that the shear instability for a columnar vortex exists
in the vertical wavenumber band 0 < kRF}, < ¢(Ro). The minimum wavenumber fitting
inside the pancake vortex kR = 7/, is therefore unstable only when Fj,/a < ¢(Ro)/m. In
addition, the growth rate of the shear instability for pancake vortices agrees well with the
one of columnar vortices for the wavenumber kR = 7/a. When the Burger number is small
Bu < 1 and the Rossby number is not too large, the shear instability transforms continuously
into a mixed baroclinic-shear instability whose eigenmode exhibits deformations along the
critical layer w, = m$Q and at the inflection radius ¢’ = 0. Just below the threshold for
the gravitational instability, the pure baroclinic instability is triggered and both baroclinic-
shear and baroclinic instabilities can co-exist. The baroclinic instability can also destabilize
higher wavenumbers m > 3.

An analytical model consisting in a bounded vortex with an angular velocity only varying
slowly in the vertical direction has allowed us to show that the maximum growth rate
and the most amplified azimuthal wavenumber of the baroclinic instability should scale as
Fp/all+1/Ro| in good agreement with the numerical results for positive Rossby numbers.
The baroclinic instability develops only when F},/a|l 4+ 1/Ro| > 1.46. For negative Rossby
numbers around Ro = —1, the model breaks down because the hypothesis of small vertical
variation of the angular velocity compared to the absolute angular velocity Qo + f/2 no
longer holds. Altogether, these results have allowed us to draw the domains of existence of
each instability in the parameter space (Fp,/a, Ro).
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5.A Discussion on the mixed instabilities: baroclinic-Gent-
Mcwilliams and baroclinic-shear for small Burger number

In previous sections, when the Burger number Bu is smaller than unity, the Gent-
McWilliams instability remains unstable with a frequency larger than the upper cutoff
(wr = Q(ry) = 0.135Q) for columnar vortices in the mixed form of the baroclinic-Gent-
McWilliams instability. Also, the shear instability re-appears continuously as a baroclinic-
shear instability beyond the vertical Froude number cutoff. Then, for smaller Bu < 1, the
(pure) baroclinic instability appears: for m = 1, the baroclinic-Gent-McWilliams instabil-
ity transforms to the baroclinic instability while the baroclinic-shear instability co-exists
with the baroclinic instability for m = 2. These mixed baroclinic-Gent-McWilliams and
baroclinic-shear instabilities are not observed when |Ro| is large although there exist strong
density deformations when F}, /« is near the threshold for the gravitational instability. This
is different from the pure baroclinic instability because it is observed for all Ro as soon as
the isopycnal deformations are strong enough. This suggests that these mixed baroclinic-
Gent-McWilliams and baroclinic-shear instabilities are not only controlled by the isopycnal
deformations but also need the small Burger and Rossby numbers. Here, we consider the
instability conditions in quasi-geostrophic fluids. By assuming f > 1 and N > 1 in (5.8)—
(5.12), we recover the quasi-geostrophic equation,

%—1} + J@' ) + J(, 1) = 0, (5.38)

where II and 9 are the potential vorticity and streamfunction of the base flow

) = —%e*”*zz/ o (5.39)
B 2 92,
H:C+f+%87;§7 (5.40)

where ¢ = 1/rd(royw/0r)/0r is the vertical vorticity, while (II', ') are those of the pertur-
bations, J(a,b) = 1/r(0a/0r)0b/00 — 1/r(0b/Or)dad/0 is the Jacobian operator

Assuming that the perturbation has the form ¢’ = ¢(r, 2) exp(imf — iwt), (5.38) becomes

10 [ 0 £2 0% oIl
(mQ — w) [ (rar> - m—¢ 55 2] + %a— = 0. (5.41)

Multiplying (5.41) with r¢* where ¥* is the complex conjugate of ¢ and integrating in radial

and vertical directions with boundary conditions that ensure that the perturbation vanishes
at r = oo and z = 400 gives

LIl

The left-hand side of (5.42) is real. Hence, the instability condition, Im(w)# 0, is then

2

Dz

m 2
= — 42
)drdz / Py 8 |7,/J| drdz. (5.42)

oll

g A4
o 0, (5.43)

somewhere which corresponds to the Charney-Stern instability condition. For the m =
1 Gent-McWilliams instability, the condition that the potential vorticity gradient at the

151




Chapter 5. Stability of a pancake vortex in stratified-rotating fluids

Figure 5.40: Radial velocity perturbation Re(u,) for the Gent-McWilliams instability for (a)
Bu =6.25 (Fy, = 0.1) and (b) Bu = 0.49 (F}, = 0.36) for a = 0.5, Ro = 1 and

Re = 10000. ---- the critical layer mQ(r.) = w, --- potential vorticity gradient
changes sign, ---'- vertical vorticity gradient changes sign and where the
potential vorticity gradient at critical layer is positive. The horizontal lines are
isopycnals.

critical layer should be positive, 911/9r(r.) > 0, gives

ol a¢c 0 (AF?0%)
om_o¢ 0 44
or Or Or <Ro2 022 )’ (5.44)
—— ——
O(Bu~1)x¢

For large Bu, the gradient of the vertical vorticity is dominant. However, for small Bu,
the second term in (5.44) becomes dominant meaning that there may exist II'(r.) > 0
while ('(r.) < 0. Figure 5.40 shows two example of the Gent-McWilliams instability for
Bu = 6.25 and for Bu = 0.49. As can be seen for large Bu, the inflection radius for the
vertical vorticity (vertical dash dotted line) and the one for the potential vorticity (dashed
line) are close while when Bu is small (figure 5.40b), differ. The thick continuous line
indicates when the potential vorticity gradient is positive at the critical radius (Q(r.) = wy).
When Bu is large, it is located at large r but for small Bu, it is above and beneath the
vortex. For a columnar vortex, the stabilization of the Gent-McWilliams instability for a
frequency which is larger than the cutoff frequency w = 0.135€)y comes from the fact that
the vorticity gradient is negative at the critical radius above this frequency. However, for
pancake vortices, even though the vertical vorticity gradient is negative at the critical layer,
regions exist where the potential vorticity gradient is positive as can be seen in figure 5.40b.
Hence, this may explain why the Gent-McWilliams instability continues to exist as a mixed
baroclinic-Gent-McWilliams instability for small Bu for frequency over the frequency cutoff
of the columnar vortex.

The m = 2 baroclinic-shear instability which also occurs when Bu < 1 could be explained
similarly. Figure 5.41 shows the vertical vorticity perturbation of the shear instability m = 2
for different Rossby numbers. When Ro = 3 (figure 5.41a,b), the vorticity deforms around
the inflection point r; where (’(r;) = 0 and the sign changes of potential and vertical
vorticities occur at similar radii. However, when Ro or Bu decreases, the contour where
Oll/dr = 0 flatten and differs from the inflection radius ¢’ = 0. This is likely to be the
reason of the reappearance and distortions of the mode of the shear instability above the
cutoff vertical Froude number in the form of the mixed baroclinic-shear instability.
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Figure 5.41:

Vertical vorticity perturbation (Re(¢) and Im((¢)) for different Rossby numbers:
the shear instability (a,b) Bu = 6.25 (Ro = 3) and the mixed baroclinic-shear
instability (c,d) Bu = 1.4 (Ro = 1.42), (e,f) Bu = 0.84 (Ro = 1.1), (g,h)
Bu =0.35 (Ro =0.71) and (i,j) Bu = 0.13 (Ro = 0.43) for « = 0.5, F, = 0.3
and Re = 10000. ---- critical layer mQ(r.) = w, --- potential vorticity gradient
changes sign and -'-'- vertical vorticity gradient changes sign.
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5.B Typical eigenmodes for each instability type

Throughout the thesis, only radial velocity Re(u,) is shown. Here, we show other typical
eigenmodes for each type of instability.

Centrifugal instability
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Figure 5.42: Typical eigenmodes for the centrifugal instability (a) w,, (b) ug, (¢) u, (d) p
and (e) p for « = 0.5,m =0, F), = 0.5, Ro = —0.1 and Re = 10000.
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Figure 5.43: Typical eigenmodes for the Gent-McWilliams instability (a,b) wu,, (c,d) ug, (e,f)
Uz, (g,h) p and (i,j) p for « = 0.5,m = 1, Fj, = 0.1, Ro = 1.25 and Re = 10000.
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Baroclinic-Gent-McWilliams instability
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Figure 5.44: Typical eigenmodes for the baroclinic-Gent-McWilliams instability (a,b) w,,
(c,d) ug, (e,f) uz, (g,h) p and (i,j) p for a = 0.5,m = 1, F, = 0.4, Ro = 1.25

and Re = 10000.
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Figure 5.45: Typical eigenmodes for the shear instability (a,b) u,, (c,d) ug, (e,f) u,, (g,h) p
and (i,j) p for a = 0.5,m = 2, Fj, = 0.05, Ro = 10 and Re = 10000.
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Figure 5.46: Typical eigenmodes for the baroclinic-shear instability (a,b) u,, (c,d) ug, (e,f)
uz, (g,h) p and (i,j) p for a = 0.5,m = 2, F}, = 0.3, Ro = 0.4 and Re = 10000.
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Figure 5.47: Typical eigenmodes for the baroclinic instability (a,b) w,, (c,d) ug, (e,f) wu,,
(g,h) p and (i,j) p for « = 0.5,m = 2, F}, = 0.3, Ro = 0.4 and Re = 10000.
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Chapter 6. Conclusions & Perspectives

6.1 Conclusions

The linear stability of columnar and pancake vortices has been investigated in stratified-
rotating fluids. In the first part of the thesis, the stability of the azimuthal wavenumber
m = 1 of an axisymmetric columnar vortex in a stratified and rotating inviscid fluid has
been analysed. As first evidenced by Gent & McWilliams (1986) and further studied by
Smyth & McWilliams (1998), the instability of the azimuthal wavenumber m = 1 can be
the dominant instability which bends and slices the vortex into pancake-shaped vortices in
strongly stratified and rapid rotating fluids. This three-dimensional instability, called the
“Gent-McWilliams (GMW) instability” herein, can occur in the centrifugally stable regime
and in the quasi-geostrophic limit. The criterion for the instability in quasi-geostrophic
fluids is that the vorticity gradient ¢’ is positive. We have extended this criterion to arbi-
trary background rotation and stratification by means of numerical and analytical studies.
We have shown that the Gent-McWilliams instability with long wavelength disturbances
is always unstable as long as the Froude (F}) and Rossby (Ro) numbers are finite for a
vortex with Gaussian angular velocity. When F}, is larger than unity, an attenuation of the
instability occurs due to a critical layer where Q(re) = 1/Fj,. To generalize the instability
condition, we have studied two more vortex profiles: a vortex with an algebraic decay of the
angular velocity with exponent n controlling the sign of the vorticity gradient and a vortex
with non-zero circulation by combining a Gaussian and a Lamb-Oseen profiles. The vor-
tex with an algebraic decay is unstable to long-wavelength disturbances when the vorticity
gradient at the critical radius is positive provided that the Froude and Rossby numbers are
finite. Moreover, the condition (’(r.) > 0 is necessary and sufficient for Fj, < 1. The study
of the Lamb-Oseen-Gaussian vortex has shown that the critical radius is very large in the
long-wavelength limit. As a result, the vorticity gradient (’(r.) is exponentially small for
long-wavelength. The instability occurs only above a cutoff wavenumber when the critical
point is closer to the vortex core where the vorticity gradient is not negligible.

In the second part of the thesis, the stability of an axisymmetric vortex with a pancake shape
has been analyzed in a continuously stratified and rotating fluid. The angular velocity is
chosen as Gaussian both in radial and vertical directions. Since there exist only few studies
on the linear stability of pancake vortices, the identification of unstable modes has been first
conducted. This step is done by considering generalized stability criteria for the various
instabilities and by comparing the radial profiles of the velocity perturbations to those for
columnar vortices. There exist columnar-like instabilities: centrifugal (for m = 0,1, and
2), Gent-McWilliams (for m = 1) and shear (for m = 2) instabilities as well as specific
instabilities to pancake vortices: baroclinic and gravitational instabilities. These types of
instability are due to the non-uniform density field inside the vortex. The effect of the aspect
ratio «, Froude F}, Reynolds Re and Rossby Ro numbers have been next investigated. The
aspect ratio of the pancake vortex has almost no effect on the spectrum of the centrifugal
instability because it is a local instability of short wavelength nature, which is generally much
shorter than the thickness of the pancake vortex. The spectra and scaling laws are very close
to those for columnar vortices. It stabilizes due to viscous effects which are controlled by
the buoyancy Reynolds number ReF] ,f The Rossby number stabilizes this instability by
increasing the minimum of the generalized Rayleigh discriminant min(®) so that it becomes
positive everywhere when |Ro| is O(10). Shear instability exists for small vertical Froude
number: Fj,/a < 0.5 for Ro = oo. This vertical Froude number threshold derives from
the maximum wavenumber cutoff for a columnar vortex meaning that the vertical length of
the pancake vortex should be large enough to fit at least a vertical wavelength of the shear
instability. This holds for all the range of Ro in the form Fj,/a < ¢(Ro) but the constant ¢
varies with Ro and cannot be expressed analytically. When Ro is small and Fj,/« is large

162



6.1. Conclusions

——> Centri. inst. r Barocl. inst.
. | . .
ooShear inst.m = 2 4 F’ Gravit. inst.

T T T T I T
0.B5a 0|5 " s
|

Ro
(e}
i
:
|
\

0 0.2 0.4 0.6 0.8 1 1.2
Fh/a

—-20

Figure 6.1: Domains of existence of the various instabilities as a function of Ro and F},/c.
The lines indicate the thresholds for the centrifugal instability for m = 0 (—),
m =1 (---) and m = 2 (~-) obtained from the asymptotic formula (3.4)
in chapter 5, the shear instability (—), the baroclinic-shear instability (-),
the baroclinic instability (---): Fp(|1 + 1/Ro|) = 1.46 and the gravitational
instability (—).
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(small Bu), the columnar-like shear instability is stabilized but baroclinic-shear instability
appears. The eigenmode is similar to the shear eigenmode but is strongly distorted along
the critical radius and the inflection point r; where ¢’(r;) = 0. The Gent-McWilliams
instability for m = 1 exists for wide ranges of Ro and F},/a and becomes the most unstable
in the centrifugally stable region. The growth rate behaves as for the columnar vortex when
Bu is large, but it also transforms to a baroclinic-Gent-McWilliams instability when Bu is
smaller than unity. The displacement mode which exists for m = 1 is weakly unstable with
generally small growth rate and frequency. This mode resembles the base angular velocity
and translates the vortex horizontally. It is a viscous induced instability: it becomes neutral
when Re — oo and is most unstable when Re ~ 500 while it is independent of the other
parameters. A pure baroclinic instability appears for m > 1. This instability is due to the
density deformations of the base vortex due to the thermal-wind relation. Hence, the growth
rate becomes large near the threshold of the gravitational instability when the isopycnals
are strongly inclined in the vortex core. From a simple vortex model, it has been shown
that the baroclinic instability exists in the range F},/a|l +1/Ro| < 1.43 , i.e. only when the
Burger number based on the absolute rotation of the vortex is above a threshold.

Figure 6.1 summarizes the stability conditions as functions of Rossby Ro and vertical Froude
number Fj,/«. The thresholds for the centrifugal instability has been derived from the
generalized centrifugal instability condition in chapter 5 and the one for the baroclinic
instability corresponds to Fj,/a|l 4+ 1/Ro| < 1.43. The criterion for the shear instability is
deduced from the minimum wavelength criteria F},/a < ¢(Ro) and the one for the baroclinic-
shear instability is a fitted line from the numerical results. The Gent-McWilliams instability
exists everywhere except near the baroclinic instability threshold when Ro is not too large.
It is then in the form of the mixed baroclinic-Gent-McWilliams instability.

6.2 Perspectives

Here, we propose some perspectives to this work.

6.2.1 DNS and laboratory experiments of the instabilities

It would be interesting to perform DNS and laboratory experiments on the Gent-McWilliams
instability. To observe the Gent-McWilliams instability in the laboratory, a stratified ro-
tating tank such that F, < 1, Ro ~ O(1) and a single columnar vortex generator would
be needed. The angular velocity profile needs further to satisfy the necessary condition for
instability. In complement to the linear stability of pancake vortices, the next step would be
to simulate the nonlinear dynamics of the instabilities. Experimental observations of these
instabilities would be also interesting.

6.2.2 Effect of double diffusion (viscous-diffusive)

Throughout the thesis, we have fixed to unity the Schmidt number Sc¢ = v/k which is
the ratio between the kinematic viscosity v and the diffusivity of the stratifying agent k.
However, the typical Schmidt number in the ocean is about 700 for the salt meaning that
the momentum diffuses much faster than salt. Hence, it would be interesting to investigate
the effect of Sc on the instabilities. Figure 6.2 shows an example of the effect of Sc on
the axisymmetric mode of the centrifugal instability studied in chapter 4 for a = 0.5, Fj, =
0.5, Ro = 0o and Re = 10000. Figure 6.2a is for Sc¢ = 1 while figure 6.2b,c are for Sc = 10
and Sc = 500, respectively. When Sc = 10, the frequency of the centrifugal mode is no
longer zero and the maximum growth rate decreases. The real part of the radial velocity
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Figure 6.2: Growth rate and frequency spectra for different Schmidt numbers: (a) Sc¢ =1,
(b) Se¢ = 10 and (c¢) Se¢ = 500 for m = 0, = 0.5, F, = 0.5, Ro = o0, and
Re = 10000.

Figure 6.3: Real part of radial velocity perturbations Re(u,) for the mode (a) A, (b) B and
(c) C'in figure 6.2. Dotted lines indicate the limit of the vortex where 2 = 0.1€.

Re(u,) of the most unstable mode for Sc¢ = 10 (figure 6.3a) shows still the same centrifugal
mode as for Sc¢ = 1. When Sc becomes even larger Sc = 500, the frequency increases further
and a new branch appears near w,/y = 0. The most unstable modes for each branch are
shown in figure 6.3b,c. Figure 6.3b shows still the centrifugal modes but figure 6.3c shows
a very different mode. The mode has shorter wavelength and is localized above and below
the vortex core. It is probably due to the viscous-diffusive McIntyre instability and this
mode is similar to the experimental observations of instabilities near a rotating sphere in
a stratified fluid by Meunier et al. (2014) (figure 6.4). Two instabilities are observed near
the equator and above and below the sphere like in figure 6.3b,c. It would be interesting to
further study these instabilities for pancake vortices.

6.2.3 Density profiles

Another interesting future work would be to consider different density/velocity profiles of
pancake vortices. Here, we have only considered a vortex with Gaussian angular velocity
both in radial and vertical directions and the base density is derived from the thermal-wind
relation. However, some experiments shows that the angular velocity distribution follows
more the profile exp(—r¢ — 22/a?) with a steepness parameter ¢ larger than 2. It would
be interesting to study the stability of these velocity profiles. Further, the angular velocity
of the vortex could be derived from the density data instead of the opposite. Figure 6.5
shows the Brunt-Véiséld frequency inside a Meddy (Hua et al., 2013). The background
stratification is represented by a dashed line and the stratification inside the Meddy core
is shown by a solid line. As can be seen, the Brunt-Vaiséla frequency inside the Meddy is
approximately constant. As shown in chapter 2 (2.2), the isopycnals due to the Gaussian
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Figure 6.4: Layering observed near a rotating sphere in a stratified fluids (Sc¢ = 700). Image
from Meunier et al. (2014).
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Figure 6.5: Vertical profiles of the Brunt-Viisild frequency N? in the background (black
dashed lines) and in the core (red continuous lines) of a Meddy. Image is repro-
duced from Hua et al. (2013).
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angular velocity are different from those of the Meddy. The angular velocity of such vortex
could be then retrieved from an inner constant Brunt-Viisala frequency.

2km
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No (z)

Figure 6.6: A schematic diagram showing a cold core eddy. Image from Legg et al. (1998).

6.2.4 Surface vortices

The stability of surface vortices could be also studied. Most of oceanic eddies are formed
near the surfaces of the oceans as illustrated in Chapter 1 with the examples of Ulleung and
Agulhas eddies. Ulleung eddy is an example of warm core eddy. Now, figure 6.6 shows an
example of cold core eddy (Legg et al., 1998). The eddy is formed by a cool current and due
to the evaporation, the core is kept cooled. Hence, the isopycnals go upward in the core.
Figure 6.7a shows a side view of the isopycnals (Molemaker & Dijkstra, 2000). Due to the
density deformation, the baroclinic instability develop as seen in figure 6.5b. This instability
mode resembles the one of pancake vortices except that the isopycnals are deformed along
the surface (compare figures 6.7 and 6.8). Thus, it would be interesting to further study the
stability of warm/cold core surface vortices.
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Figure 6.7: (a) Isopycnals of the base flow (b) baroclinic instability eigenmode located near
the surface. Image from Molemaker & Dijkstra (2000).
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Figure 6.8: (a) Isopycnals and (b) baroclinic instability for pancake vortices. Dotted lines
indicate the limit of the vortex where € = 0.1€).
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Abstract
The stability of vortices in a stratified and rotating fluid is studied numerically and theoretically in order to
better understand the dynamics of vortices in the oceans and atmosphere. In the first part, the stability of a
columnar vertical axisymmetric vortex is analysed. For strong stratification and rapid background rotation
and some vortex profiles such as a Gaussian angular velocity, the dominant instability is a special instabil-
ity, called “Gent-McWilliams instability”, which bends and slices the vortex into pancake-shaped vortices.
Numerical and asymptotic stability analyses for long-wavelength show that this instability originates from
a destabilization of the long-wavelength bending mode by a critical layer at the radius where the frequency
of the mode is equal to the angular velocity of the vortex. A necessary condition for instability is that the
base vorticity gradient is positive at the critical radius. In the second part, the stability of an axisymmetric
pancake-shape vortex with a Gaussian angular velocity in both radial and vertical directions is analyzed de-
pending on the intensity of the stratification, the rotation of the fluid, the aspect ratio « of the vortex and the
Reynolds number Re. In the case of a strongly stratified non-rotating fluid, centrifugal and shear instabilities
are shown to have similar characteristics as for columnar vortices. The centrifugal instability occurs when
the buoyancy Reynolds number ReF} (where Fj, is the Froude number) is above a threshold and can be non-
axisymmetric close to the threshold. The shear instability develops only when the vertical Froude number
F}, /o is low such that the vortex thickness is larger than the cutoff wavelength for a columnar vortex for the
same parameters. Gravitational and baroclinic instabilities are also observed, respectively, above and just
below the threshold Fj,/a = 1.5 which corresponds to a zero maximum total density gradient. A simple model
predicts the characteristics of the baroclinic instability. Strongly stratified rotating fluids are next considered.
The centrifugal instability becomes stabilized for small Rossby number Ro, in agreement with the generalized
Rayleigh criterion. An instability similar to the Gent-McWilliams instability of a columnar vortex occurs for
small Froude and Rossby numbers. The occurrence of the shear instability continues to be governed by con-
finement effects. Mixed shear-baroclinic and baroclinic-Gent-McWilliams instabilities are also observed when
the isopycnals are strongly deformed in the vortex core. The baroclinic instability develops when Fj,/a(1 +
1/|Rol) > 1.46, i.e. when the Burger number based on the absolute angular velocity is below a threshold.

Keywords: instability, columnar vortex, pancake vortex, stratified fluid, rotating fluid

Résumé
La stabilité de tourbillons dans un fluide stratifié en rotation est étudiée numériquement et théoriquement
afin de mieux comprendre la dynamique des tourbillons dans les océans et ’atmosphere. Dans la premiere
partie, la stabilité d’un tourbillon colonnaire vertical est analysée. Pour des fortes stratifications et des
rotations rapides, certains tourbillons comme ceux ayant une vitesse angulaire gaussienne présente une insta-
bilité particuliere, appelée “instabilité de Gent-McWilliams”; qui courbe et découpe le tourbillon en couches.
Des analyses numériques et asymptotiques pour de grandes longueurs d’onde montrent que cette instabilité
provient d’une déstabilisation du mode de déplacement de grande longueur d’onde par une couche critique
au niveau du rayon ou la fréquence du mode est égale a la vitesse angulaire du tourbillon. Une condition
nécessaire d’instabilité est que le gradient de vorticité de base soit positif au niveau du rayon critique. Dans la
deuxieme partie, la stabilité d’un tourbillon axisymétrique en forme de crépe avec une vitesse angulaire gaussi-
enne dans les directions radiale et verticale est analysée en fonction de l'intensité de la stratification, de la
rotation du fluide, du rapport d’aspect a du tourbillon et du nombre de Reynolds Re. Dans le cas d’'un fluide
fortement stratifié non-tournant, les instabilités centrifuges et de cisaillement ont les mémes caractéristiques
que celles des tourbillons colonnaires. L’instabilité centrifuge se produit lorsque le nombre de Reynolds de flot-
tabilité ReF? (ol F}, est le nombre de Froude) est supérieur & un seuil et est non-axisymétrique pres du seuil.
L’instabilité de cisaillement ne se développe que lorsque le nombre de Froude vertical F},/« est faible de sorte
que I'épaisseur du tourbillon est plus grande que la longueur d’onde de coupure d’un vortex colonnaire pour les
mémes parametres. Des instabilités gravitationnelles et baroclines sont également observées, respectivement,
au dessus et juste en dessous du seuil Fj, /o = 1.5 qui correspond & un gradient de densité total maximum nul.
Un modele simplifié prédit les caractéristiques de l'instabilité barocline. Le cas des fluides fortement strat-
ifiés-tournants est ensuite considéré. L’instabilité centrifuge disparait pour les nombres de Rossby Ro petits,
en accord avec le critere de Rayleigh généralisé. Une instabilité semblable a I'instabilité de Gent-McWilliams
d’un tourbillon colonnaire se produit pour les faibles nombres de Froude et Rossby. L’existence de 'instabilité
de cisaillement continue d’étre régie par des effets de confinement. Des instabilités mixtes, Gent-McWilliams-
barocline et cisaillement-barocline, sont également observées quand les iso-densités sont fortement déformées
dans le coeur du tourbillon. L’instabilité barocline se développe lorsque Fy/a(l + 1/|Ro|) > 1.46,
c’est a dire lorsque le nombre de Burger basé sur la vitesse angulaire absolue est inférieure a un seuil.

Mots clés: instabilité, tourbillon colonnaire, tourbillon crépe ou lenticulaire, fluide stratifié, fluide tournant
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