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Figure 3. Distribution of individual trajectories with defined sense of rotation (spin values |{2| > (1), Each dot
corresponds to the medial position of a trajectory segment of length T, = 20 days and |£)] > = 0.5 day ™', Similar results
are obtained for T,., = 40 days and (1, = 0.4-0.6 day ' (not shown). (top) Distribution of polarity; cyclonic (blue) and
anticyclonic (red). (bottom) Distribution of radial space scale R = u /2 (km).



The effect of ageostrophy on the stability of vortices in a two-layer ocean

E.S. Benilov*, ].D. Flanagan 0Ocean Modelling 23 (2008) 45-58
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Fig. 6. The marginal stability curve for Gaussian quasigeostrophic (AH — ) vorti-
ces, for the second azimuthal moede (k = 2). Herizental segments show the param-
eters of rings catalogued in Olsen (1991).




The most theoretical work on the linear and nonlinear stability of axisymmetric baroclinic vortices [lkeda, 1981;
Flierl, 1988; Helfrich and Send, 1988; Carton and McWilliams, 1989; Ripa, 1992; Killworth et al.,, 1997; Benilov et al.,,
1998; Correard and Carton, 1999; Sokolovskiy and Verron, 2000; Baey and Carton, 2002; Benilov, 2003, 2005;
Katsman et al., 2003] suggests that rings are expected to be unstable in a typical parameter range when their
size is substantially larger than the baroclinic radius of deformation. For a two-layer ocean model, Dewar and
Killworth [1995] have found stabilizing effect of a corotating circulation on a Gaussian vortex in the upper layer:
| even a relatively weak deep flow may stabilize the eddy. This effect has been later examined for other vortex
shapes where a corotating deep flow would just reduce the growth rate with unsatisfactory conclusions: “the
| observed stability of cold rings remains a dynamical enigma” [Dewar et al,, 1999] or “in the end we are left with
the puzzling result that realistic rings are quite unstable according to linear analysis {even more unstable than
more idealized rings studied earlier), while in reality they appear able to survive” [Katsman et al,, 2003].
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The vortex parameters and stratification were chosen to be consistent with famous examples of cold-core
ring Bob [Ofson, 1980] used for linear stability study by Katsman et al. [2003]. The Coriolis parameter
f=0.83-10"* s~ at 345 N, the maximum velocity V,,~1.4 m/s at r.~56 km, so that Qq~0.35f in (19)
gives I1;(0) = — 9 m?/s°, which must be consistent with maximum interface deviations: 17, (0) = g/Z(0, &)
+¢5Z(0,&;). Choosing ¢1 =700 m and £, =1600 m where observed Z(0&1)~ — 500 m, Z{0<&;3)=— 350 m
_ (Figure 1b), we prescribe g} = 0.015 m/s? and y=5 that gives L; =39 km and R~ 1.44. The mean ocean
depth in this region H, + H, + Hg=4.6 km, so for the 3L setup H; =700 m, H,=900 m, and Hz=3000 m, while
for the equivalent 2L configuration H; =700 m and Hg=3900 m.

The depth of marginal stability for Gaussian cyclonic ring of such size would correspond to 7 km in the 2L model
[Benilov and Flanagan, 2008]. Therefore, for our smaller depth, the vortex is unstable and strongly elongates until
T=105days (Figure 4a) when the perturbation amplitude reaches the maximum (Figure 3). In the lower layer
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Figure 4. Contours of the upper layer pressure (solid line) and the lower layer pressure (cyclonic, dashed line; anticyclonic,
dotted line) for the 2L model at (a) T=105 days, (b) T= 145 days, (c) T= 180 days, and (d) for the 3L model at T= 180 days.
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= A middle layer with uniform PV reduces the growth rate of baroclinic
_.Instability of circular compensated vortices in contrast to 2. models

= \Weakly supercritical compensated eddies equilibrate in carousel multipole
structures with slightly elongated upper core balanced by a self-induced
strain by the deep partners.

= Medium supercritical eddies evolve towards long-lived corotating tripolar
states with pulsating partners similar to 2D tripoles
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XAVIER CARTONY AND BERNARD LEGRAST

The life-cycle of tripoles in two-dimensional incompressible flows 57

J. Fluid Mech. (1994), vol. 267, pp. 53-82
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FIGURE 1. Vorticity maps from the 512% experiment at various times. Contour interval 0.05. Solid
contours for positive vorticity and dashed contours for negative vorticity. The frame is centered and
shows # x & of the periodic 21 x 27 box. (a) ¢ = 30 (2.37); (b) t = 40 (3.077); (¢} t = 55 (4.227),
(d) t =70 (3372); (e) t = 85 (6.521); (f) t = 100 (7.677); (g) t = 107 (8.217); (h) ¢ = 120 (9.217); (i)
t = 140 (10.741); (j) r = 160 (12.287); (k) t = 195 (14.977) and (I) t = 230 (17.657). Figure 8 shows
the vorticity profile along the section.
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Figire 3 Photopraphs showing the evalation of an urstable sydlonic, stieing-induced
barotrapic vortex inte a tripolar vortes Srechire {Afle Kleostorzel& van Hoip# 1991}
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Finite-core hetons: stability and interactions
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346 . G. Sutyrin, J. C. MeWilliams and R. Saravanan

distances (and is identical with the interaction energy of M geostrophic point vortices)

He Z Z &Q: Gl(Re). (b)
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and H; which represents the second-order correction due 1o finite size y
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The first part of H; is defined by the induced rotational frequency € while the other
parts of H; are defined by the strain rate ¥, In two dimensions the first part of Hj
vanishes because £2 = 0, so that (A 32— A 53) correspond {0 expressions (28) 1n the
paper by Melander er al. (1986). 1 1 A 1 1

. . G=—n2p=—1 G=Y=—=—, 02=0
From (A 52)-(A 53] in agreement 4 P T M dmp  2mr?’

Y, = —dy(He + Hy), QX = dy(He + 1)
isimilar to the Hamiltonian torm of the point-vortex model).
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Theﬂm core eIongatlon IS Seli-induced by the strain in the deep partners
:—ro tating with proper phase

s Equilibrated tripolar state is possible when the elongated upper core and
deep partners stay in perpendicular directions

% Deep corotation leads to self-intensification of vortex flow in the upper core
where the flow Is approaching nearly solid-body rotation

E Eher preak intoe ' 'p@wggpjeg(@‘\s)
_" AIgMmatic eing sensitive to model details:




C. R. Acad. Sci. Paris, t. 313, Série 11, p. 737-742, 1991

Meécanique des fuides/ Flwld Mechanics

The enigmatic merging conditions of two-layer baroclinic
vortices

Jacques Verrow and Emil J. HopFinGER

Abstraes — The infleence of stratification on peostrophic wortex merging is investigated by wsing
mumerical simulations and the results of laboratory experiments.

Coalescence énigmatique de tourbillons baroclines en milieu bi-couche

Réramé = Nour examinons e rdle de da areariflearion sur e comirdle de lo comlercence de dowrhillons
péostrophiques & laide de sisinlanions surdriques et de rémaltars d'expériences de lahoraloire

Version frangaise abrégée — La coalescence des tourbillons est un mécanisme elémentaire
de la dvnamique de la turbulence géostrophigue. En particulier, I'étude de I'interaction de
deux tourbillons identiques dans un milieu stratifié a deux couches est le prototype le plus
simple qui permette d'appréhender Ieffet de la stratification sur la coalescence. A cet égard,
les premigres investigations de Verron et coll. [7] ont mis en évidence le rile crucial des
conditions initiales et expliqué les résultats contradictoires des mavaux antericurs de Griffiths
et Hopfinger [2] et Polvani et coll. [6). Plus spécifiquement, les tourbillons de vorticiee
potentielle (PVI, potential vorticity initialization) révelent un comportement analogue a celu
dicrit par Polvani et coll. [6] dans lequel la stratification ne semble pouer aucun ride. Au
contraire, avec les tourbillons de vorticité relative (RVI, relative vorticity initialization) la
stratification influence fortement la coalescence, conformement aux experiences de Griffiths
et Hopfinger [2]. Dans ce dernier cas les simulations numériques de Verron et coll. [7]
révelent I"existence d'un pic dans la courbe de distance critique de coalescence  en fonction
du paramétre de stratification & (vedr la figure 3, dans laquelle ces deux quantités A et d
sont adimensionalisées par le rayon R des tourbillons initiaux) qui traduit une forte selectvite
d*échelle dans le processus de coalescence,




ARGECGIess

VESIAEHTIIE

= SE——

The North Atlantic Current (NAC)
travels northward east of the
Grand Banks until approximately
50°N where it makes a sharp turn
to the east.

Previous analysis of sea level
variability in this region, known as

S sea surface helght with elevation the Northwest Corner’ OWed 2 =
right in meters. The inshore edge of - Qi
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while the contour at 0.85 m runs .~ 9 oS eddies playing an

along the principal baroclinic flow. Close together'mportant role‘in‘the air-sea heat
along the NAC they separate just south of the exchange.
NWC. FC = Flemish Cap, GB = Grand Banks.

2000 and 4000 m isobaths shown. (From Woityra Supported by NSF OCE-1027573
and Rosshy, 2008.)
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(12)

Iv?2 d oK
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where the midjet displacement is assumed to be proportional to
the normal velocity (9) while i—f%u across the jet,

W_ L0 K oK FU (13) _l'ﬁjfL%LF)f V' (_D;SELZFHS.\__

at ds3 =~ a9s’ at 93 9s?
Journal of Marine Research, 70, 719-747,2012
The amplification of meanders coupled with deep eddies is
represented here by clear physical mechanisms: the generation of
deep flow vorticity is caused by sideways displacements of the jet
relative to the fluid in lower layer, which change the interface
depth. This displacement is driven by variations of jet curvature
(12} and coupled with evolution of jet curvature due to variations
of deep crossjet velocity (13). Evidence of Vertical Coupling between the Kuroshio
Extension and Topographically Controlled Deep Eddies
SSH Upper Velocity
by Andrew D. Greene!' 3, D. Randolph Watts*, Georgi G. Sutyrin® and
Hidcharu Sasaki’
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Figure 13. Upper and deep streamfunction fields from numerical model. Black bold lines denote the
upper-ocean jet. Solid (dashed) gray contour lines represent the anticyclonic (cyelonic) portion of
the topographic wave field. The contour interval for the deep field is .025 dbar. The top and bottom
rows show the interaction at elapsed time ¢ = 0 and 30 days, respectively. Initially the upper ocean
jet was straight and during the interaction with barotropic TRWs the jet developed steep meander
crests and troughs and the TRW amplitude intensified.
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