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The evolution of an intense barotropic vortex on the f-plane is analysed for the case
of finite Rossby deformation radius. The analysis takes into account conservation of
vortex energy and enstrophy, as well as some other quantities, and therefore makes
it possible to gain insight into the vortex evolution for longer times than was done
in previous studies on this subject. Three characteristic scales play an important role
in the evolution: the advective time scale T, (a typical time required for a fluid
particle to move a distance of the order of the vortex size), the wave time scale T,
(the typical time it takes for the vortex to move through its own radius), and the
distortion time scale T, (a typical time required for the change in relative vorticity
of the vortex to become of the order of the relative vorticity itself). For an intense
vortex these scales are well separated, T, < T,, < T,, and therefore one can consider
the vortex evolution as consisting of three different stages. The first one, t < T, is
dominated by the development of a near-field dipolar circulation (primary f-gyres)
accelerating the vortex. During the second stage, T, < t < T,, the quadrupole and
secondary axisymmetric components are intensified; the vortex decelerates. During
the last, third, stage the vortex decays and is destroyed. Our main attention is focused
on exploration of the second stage, which has been studied much less than the
first stage. To describe the second stage we develop an asymptotic theory for an
intense vortex with initially piecewise-constant relative vorticity. The theory allows
the calculation of the quadrupole and axisymmetric corrections, and the correction to
the vortex translation speed. Using the conservation laws we estimate that the vortex
lifetime is directly proportional to the vortex streamfunction amplitude and inversely
proportional to the squared group velocity of Rossby waves. For open-ocean eddies
a typical lifetime is about 130 days, and for oceanic rings up to 650 days. Analysis of
the residual produced by the asymptotic solution explains why this solution is a good
approximation for times much longer than the expected formal range of applicability.
All our analytical results are in a good qualitative agreement with several numerical
experiments carried out for various vortices.

1. Introduction

It is clearly seen from numerous numerical, laboratory and analytical investigations
that the evolution of an intense quasi-geostrophic localized vortex on a f-plane
consists of three different stages (see §2 for a quantitative analysis). During the first
stage the development of a secondary dipole circulation (the so-called f-gyre) in the
vicinity of the vortex plays a major role. To describe this mechanism we see that the
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monopole, for instance a cyclone, induces a northward (southward) motion to the
east (west) of itself. (Here and in what follows we use the northern hemisphere sign
convention.) In accordance with the law for conservation of potential vorticity the f3-
effect generates anticyclonic (cyclonic) vorticity to the east (west) of the initial vortex,
i.e. a dipole is generated. This vortex-by-vortex induction also takes place in the case
when the nonlinear term in the governing equation is neglected, and can therefore be
interpreted as the radiation of Rossby waves by the localized monopole. Thus one can
say that the fi-gyres are created by the near-field radiation of Rossby waves. In the
presence of nonlinearity the f-gyres advect the vortex along the dipole axis. In turn
the dipole is advected by the vortex, resulting in a turning of the dipole axis in the
same sense as that of the vortex; that is, counterclockwise (clockwise) for a cyclone
(anticyclone). Thus a cyclone (anticyclone) moves northwestward (southwestward)
along a curved trajectory; the trajectory shape and the f-gyres structure are related
to the strength and structure of the initial vortex.

This stage has been studied closely in the laboratory (e.g. Firing & Beardsley 1976)
and in numerical experiments (e.g. McWilliams & Flierl 1979; Mied & Lindemann
1979; Fiorino & Elsberry 1989). On the analytical side, Reznik & Dewar (1994)
calculated the ff-gyres and the trajectory of an arbitrary axisymmetric non-divergent
barotropic vortex. Llewellyn Smith (1997) developed an analogous theory for a non-
localized vortex. However, for divergent vortices, only some special cases have proven
to be tractable. For example, point vortices (Reznik 1992) and vortices with piecewise-
uniform potential vorticity (Sutyrin & Flierl 1994) were successfully considered in a
one-and-half layer model. Recently Reznik, Grimshaw & Sriskandarajah (1997) and
Sutyrin & Morel (1997) investigated this stage in the stratified case (for layered
models). (Here and in what follows we use the terms ‘divergent’ and ‘non-divergent’
with reference to quasi-geostrophic models with finite and infinite deformation radius
Ry, respectively. Also, sometimes we use the term ‘Rossby scale’ instead of ‘deformation
radius’.)

Comparison of these analytical results with numerical simulations shows that even
a simple model taking into account only the first azimuthal harmonics (the -gyres)
gives surprisingly good results when describing the vortex evolution for times far
beyond the formal time of applicability for this model (e.g. Reznik & Dewar 1994;
Sutyrin et al. 1994). The same conclusion follows from the numerical experiments by
Ross & Kurihara (1992) using a model with a small number of azimuthal modes to
calculate the trajectory of an intense non-divergent vortex. Obviously such models
strongly distort the far-field radiated Rossby waves, and therefore one can assume that
the vortex dynamics is determined mainly by the near-field processes for relatively
long times which, in turn, can greatly simplify the theoretical description of the vortex
evolution.

In the second stage the influence of the other azimuthal harmonics generated
by wave radiation and nonlinearity has to be taken into account. This influence
gradually reduces the vortex amplitude and in doing so decelerates the vortex motion
(e.g. Reznik & Dewar 1994; Sutyrin et al. 1994). At the same time, changes to the
relative vorticity of the vortex remain relatively small, so that the vortex amplitude
exceeds the amplitude of the radiated field. In the final third stage, the vortex distortion
becomes strong and its amplitude decreases to the background level, i.e. the vortex
ceases to exist as a coherent structure.

The second stage (which obviously is of more interest than the third one) has been
less well-studied, even numerically. The exception is the numerical study by Sutyrin
et al. (1994) which will be discussed throughout this paper. There have been a few
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attempts to describe this stage analytically for various types of eddies. All the theories
that we are aware of are based on the assumption that in the course of time the
vortex tends to some quasi-stationary state when its zonal velocity greatly exceeds the
meridional one and the Rossby wave wake can be considered as resonantly excited.
This means that the wake is calculated in a similar manner to the calculation of lee
waves behind an obstacle in an eastward uniform zonal flow on the f-plane. The
resulting lowest-order solution consists of an intense vortex and a low-amplitude wave
wake. The time evolution of this system of a vortex and its associated wave wake is
determined by solvability conditions for the next approximation. This approach was
applied by Flierl to investigate the dynamics of a strongly nonlinear warm eddy (Flierl
1984), by Korotaev & Fedotov (1994) to study a non-divergent intense monopole,
and by Flier]l & Haines (1994) to explore the decay of an eastward moving dipole. A
similar approach was used by McDonald (1998) to investigate the decay of intense
cyclones by Rossby wave radiation.

Although these theories give qualitatively reasonable results, nevertheless there
remain some important unanswered questions. First, there is no evidence (numerical
or observational) that the wave field radiated by the vortex can be considered as quasi-
resonant. This is certainly not the case for the non-divergent barotropic monopole
since the meridional and zonal components of its translation speed are always of the
same order (e.g. Fiorino & Elsberry 1989; Reznik & Dewar 1994 ; Korotaev & Fedotov
1994). The divergent quasi-geostrophic monopole does tend to a quasi-stationary state
with predominantly zonal propagation but this state is a non-radiating one (see §5
for more details).

Second, the quasi-resonant Rossby wave wake has infinite energy (see, for example,
equation (23) from Flierl 1984). This is of no great importance when considering
the flow around an obstacle, in which case the wake is terminated in fact by a
transient front, which propagates away from the obstacle with the appropriate group
velocity. Thus the infinite energy is a consequence of making a long-time quasi-steady
approximation in the frame of reference of the obstacle. But a vortex does not behave
like an obstacle in this respect: it loses energy when radiating Rossby waves and
therefore cannot possess an infinite-energy wave wake. In fact, the system of vortex
and waves conserves energy (unlike the flow around an obstacle) and hence at all
times the total energy is finite. Of course, if the Rossby wave wake is close to being
quasi-steady in the vicinity of the vortex then a quasi-steady solution can be sought
to describe the vortex motion, which is produced mainly by the near-field processes.
This would be possible, for example, if the vortex translation speed changes more
slowly than the wave wake. However, the vortex motion is produced by the near-field
part of the wave wake (f-gyres), and therefore the typical evolution times of the speed
and wave wake are comparable.

Third, none of the theories cited above provides conservation of energy and en-
strophy, which are particularly important for the second stage of the vortex develop-
ment.

The questions addressed in this work are the following ones:

What are the durations of the main stages of the vortex evolution?

What is the mechanism of the vortex deceleration?

What is the lifetime of the vortex imposed by the conservation of energy and
enstrophy?

Why does the ‘naive’ asymptotic solution which is the sum of the initial vortex and
the f-gyres describe so well the vortex evolution far beyond the formal time of this
solution’s applicability?
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Does any non-radiating state exist which the intense vortex tends to with increasing
time?

To focus in detail on the last four questions in particular, we consider the model of
an intense initial vortex with piecewise-constant relative vorticity, suggested by SF94.
The paper is organised as follows. Section 2 contains a general characterization of
the development stages of a quasi-geostrophic vortex on a f-plane. In §3 we discuss
some integral laws which are useful for understanding general features of the vortex
evolution. The model of an intense divergent vortex with initially piecewise-constant
relative vorticity is described in §4. Section 5 is concerned mainly with properties of
the f-gyres. The axisymmetric and quadrupole corrections important at later stages of
the vortex evolution are discussed in § 6. The mechanism of the vortex deceleration is
considered in § 7. The discussion of our results and concluding remarks are presented
in §8.

2. Vortex evolution stages

The basic equation for the model under consideration is the well-known equation
for conservation of potential vorticity written in moving coordinates attached to the
vortex centre,

VY —R*Y) B U@(V“P —R?Y) B V@(VZYJ —R?Y)
ot 0x dy

+ﬁ%—l‘: +J(P,V*P)=0. (2.1)

Here ¥ is the streamfunction, U and V are the zonal and meridional translation
speeds respectively, x, y denote eastward and northward coordinates and t time; V>
and J are Laplacian and Jacobian operators, while R, is the Rossby scale. The initial
state is assumed to be a localized axisymmetrical vortex, i.e.

Y (r,0) = Po(r). (2.2)

Let the initial vortex scale L be of the order of R; and a typical orbital velocity
be U,. Then an appropriate non-dimensional version of the problem (2.1), (2.2) is
conveniently written as

0 ) oY
E(V Y —¥Y)+J(¥ +aUy —alx, V'P—‘PH—oca—:O. (2.3)
X
Here the advective time T, = R/ U, is used as a time scale and the vortex translational
speed scale U, is determined from the balance between the second, third, and fourth
terms in (2.1) (physically, this balance means that the beta-effect forces the vortex to
move), i.e.

U, = BR] (2.4)
(see also Reznik 1992; Reznik & Dewar 1994). The parameter « is equal to the ratio
between the characteristic vortex translation speed U, and the typical orbital velocity
U, ie.
2
UP
The problem (2.3), (2.2) should be closed by a definition of the vortex centre, which

(2.5)
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is fixed in these coordinates; the translation speed depends on this definition (e.g.
Reznik & Dewar 1994).7
We can produce three different time scales using the parameters f, U,, L, namely
Ta=&, Tw=i, T, = Up
Up ﬂRd ﬂsz
Only two of these scales are independent. Each of these scales has a clear physical
meaning. The ‘advective’ scale T, is a typical time required for a fluid particle to move
a distance of the order of the vortex size. The ‘wave’ scale T,, is the typical time it
takes for the vortex to move a distance equal to its own size.
To understand the meaning of the scale T; we consider the law of potential vorticity
conservation,

(2.6)

IT = Q + fy = const for a fluid particle, (2.7a)
0=VY¥ —R*Y, (2.7b)

where Q is the relative vorticity. (Strictly speaking only the first term V?¥ in Q is
the relative vorticity, the second term —R;?¥ describes the vortex-tube stretching
due to free surface changes. The term ‘relative vorticity’ as applied to Q is used only
for brevity.) It readily follows from (2.7a) that the meridional drift L, of the vortex
produces the relative vorticity change AQ = —pL,. Since Q = O(U,/R;), one can
obtain that the quantity AQ becomes of the order of Q when

U
L =L,=—. 2.8
y d ﬁRd ( )
The typical time taken to travel a distance L, is equal to (see (2.4))
L, U,
— = =T, 2.9
Ut ﬁst 1 ( )

Thus the scale Tj is a typical time required for the vortex relative vorticity change to
become of the order of the relative vorticity itself. It is natural to call T, the ‘distortion’
time. Note that the real distortion time of a divergent vortex can substantially exceed
T, since the vortex meridional translation speed is significantly smaller than SR3 (see
below in §5).

One can readily obtain that
T, 1 T, 1 BR3

(2.10)

T, « T, 2 "7 U,
The crucial importance of the parameter o follows from dimensional analysis of the
problem (2.1), (2.2), which is characterized by the dimensional parameters f, Ry, U,
and L. Only two independent non-dimensional quantities can be produced using
these parameters. It is convenient to choose o = BR3/U,, 6 = L/R,. In the rigid
lid approximation R; = 0,0 = 0, and the problem is characterized by the single
parameter a (see e.g. Reznik & Dewar 1994; Llewellyn Smith 1997). For simplicity we
assume here that the initial vortex size is equal to the Rossby scale, so that L = R;.
Then 6 = 1 and the problem (2.1), (2.2) is again characterized only by «. Note
that the scales T,, T,,, and T, are obtained independent of each other from physical

1 We note that formally the coordinate system is of no importance since knowing the solution in
any coordinates we are able to calculate the track of any characteristic vortex point. However from
a physical point of view it is preferable to use the coordinates attached to the vortex.
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considerations and also that the fact that they are related by the simple relations
(2.10) illustrates the importance of the parameter o.

If the vortex has a moderate amplitude, i.e. « = O(1), then all three time scales
T, Ty, and T, are of the same order. Physically this means that the vortex rotation,
Rossby wave radiation, and the vorticity distortion proceed at the same rate, i.e. there
is no particular stage at which one of these processes dominates over the other ones.
That is why an analytical description of a moderate-amplitude vortex is an extremely
difficult problem.

Fortunately, real atmospheric and oceanic eddies are, as a rule, highly nonlinear;
their orbital velocities greatly exceed translation ones, and the parameter o is small,

0 < 1. (2.11)

We proceed from the non-dimensional form (2.3) of the potential vorticity equation.
Then the solution for an intense vortex can be sought in the following asymptotic
form:

Y = Wor) 4+ a¥(r,0,t) + > P(r,0,t) + - - -, (2.12a)
Q = Qo(r) +ogy(r,0,1) + oPqa(r, 0,1) + - -, (2.12b)

where (r,0) are polar coordinates with origin at the vortex centre. Expansions (2.12)
express the physical fact that the typical dimensional times (2.6) are well separated
under the condition (2.11),

Ta < Tw < Tu (213)

as follows from (2.10). The relationships (2.13) allow us to divide the intense vortex
evolution into different stages.

At the very early stage, t < 1 (in dimensional terms, t < T,) the simple axisymmetric
rotation (the terms Wy(r), Qo(r) in (2.12)) dominates and the influence of the f-effect
can be neglected. At the second stage,

I<t<al, (2.14)

the fp-gyres (terms a¥q,0q; in (2.12)) develop, producing the vortex motion along
some trajectory; the vortex evolution is described by the sum Wo(r) 4+ ¥ (r,0,t) at
this stage. In dimensional terms, (2.14) is T, <t < T,,. At the third stage,

<t <a? (2.15)

the higher-order terms in (2.12) have to be taken into account. These terms produce a
decay of the initial axisymmetric state and contribute to a decrease of the translation
speed. In dimensional terms, (2.15) is T,, < t < T,. At the final fourth stage, t > o>
(in dimensional terms, t = T;), the vortex distortion becomes strong and the asymp-
totic expansion (2.12) fails.

Thus one can expect that the asymptotic expansion (2.12) is applicable up to times

<o’ (2.16)

or in dimensional terms, t < T,;. Of course the suggested scheme is a speculative
one in many respects, and one of the aims of the paper is to verify it using the
simplest possible model. Our main attention is focused on exploration of the poorly
understood stage (2.15).

In the above considerations we assume the vortex scale L to be of the order of the
Rossby scale R;. One can readily generalize the estimations for T,, T,, and T, to the
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cases of large (L > Ry), and small (L < Ry) vortices. For a large vortex we have
L L U, L
T7 0 Tw = np2° Td = P p‘; D 2
Uy PRy B*R; R
1.e. the distortion time for the large vortex increases as the vortex size L increases, and
exceeds the analogous time (2.9) for the vortex with L ~ R,;. The analogous scales for
a small (non-divergent) vortex, which is of interest for atmospheric applications, can
be written as

T, =

(2.17)

i, TW=L, T, = Yy .
U, BL pL
We see that, contrary to the preceding case, the distortion time of the non-divergent
vortex is very sensitive to the vortex size, decreasing proportionally to L* with
increasing L. Obviously the difference between large and small eddies is related to
the fact that with increasing wavelength A, the group velocity of divergent Rossby
waves decreases whereas the group velocity of non-divergent Rossby waves rapidly
increases (proportionally to 4%). In this paper, most attention is paid to the case of a
divergent vortex with a scale L of the order of R;.

The distortion times (2.9), (2.17), and (2.18) can be written in the following ‘univer-
sal’ form:

T, =

(2.18)

i

T, = 2
g

(2.19)

where ¥,, is a typical vortex streamfunction amplitude (¥,, = U,L), and the typical
group velocity ¢, is equal to SR and BL?* for the cases of finite and infinite Rossby
scale, respectively. Note that (2.19) can also be written as

U,L

e, Ty = (2.20)
Cq

where the left-hand side is the distance moved by a Rossby wave in a time T,, while

the right-hand side is the product of U, (the typical orbital velocity) with the time

L/c, in which a Rossby wave propagates across the vortex.

3. Integral quantities

In this Section various integral quantities are presented which enable us to under-
stand some general properties of the long-term vortex evolution. Although all of them
are well-known we present them here for convenience, noting that some of them are
somewhat modified, being written in moving coordinates.

3.1. Energy and enstrophy conservation
Multiplying (2.3) by ¥(Q = V?*¥ — ¥) and integrating throughout the plane we
obtain the energy (enstrophy) conservation law:

/[(V'}’)2 + ¥]dxdy — / Y Qdxdy = Ey = const, (3.1)

/ 0%dxdy = Ny = const. (3.2)
Substitution of (2.12) into (3.1), (3.2) gives the equations, at different powers of o,

- [ mouaxdy = Eo. [ 0 dxdy = o (3.30,b)
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[roan+ w10y =0, [ Quandxdy =o. (3.4,b)

/(W2Q0+Toq2)dxdy+/ Y1q1dxdy =0, 2/Q0q2dxdy+/q,2dxdy = 0. (3.5a,b)
Equations (3.3a, b) are trivial and (3.4a, b) are satisfied identically since ¥ (f-gyres)
always has the form
Y = Ag(r,t)sin + A (r,t) cos 0. (3.6)
The most useful equations are (3.5a) and (3.5b) relating the f-gyre energy and
enstrophy (the second integrals in (3.5a, b), respectively) to the energy and enstrophy
changes of the axisymmetric vortex component (first integrals in (3.5a, b) respectively).
This enables one to calculate the energy and enstrophy lost by the initial vortex using
only the beta-gyre correction ¥, without solving the much more complicated problem
for the correction ¥5.
3.2. Moment equations

Integrating (2.3) throughout the plane we obtain the equation

/ Ydxdy = — / Qdxdy = M, = const, (3.7)

which can be interpreted as angular momentum conservation.
Multiplication of (2.3) by (x, y) along with the subsequent integration gives the
equations for the vortex centroid velocities:

;lt/x'l’dxdy=—oc(U+1)/‘dedy, i/y'l’dxdy=—ocV/Y’dxdy. (3.8a,b)

Note that in fixed coordinates the centroid velocity coincides with the drift velocity
(—1,0). It readily follows from (3.8a,b), (3.7) that the centroid location is defined as
follows:

/x‘l’dxdy = —aMoX(t), /y‘dedy = —aM,Y (1), (3.9a,b)
where
1 1
X(t)=/ (U + 1)dt, Y(t)=/ Vdt (3.10)
0 0

are the zonal and meridional vortex displacements in coordinates moving with the
drift velocity (—1,0).

To derive equations for the second moments we multiply (2.3) by (x2, 32, xy) and
integrate the resulting equation. After some algebra we have

Wy = /(x2 + Y)Y — Wo)dxdy = a* My(X> + Y?), (3.11a)
or, in alternative form,
Wy = / (x? 4+ y*)(Q — Qo)dxdy = —o> My(X? + Y?). (3.11b)

Here Q) = V?¥, — ¥, is the initial relative vorticity.
Other equations for the second moments are written as

d — oY\ [ov\’
i [[owasar sy |- () - (F)

dxdy, (3.12a)




Evolution of an intense divergent vortex on the beta-plane 257

d/w—ﬁw@mwwﬂmr—?%=—4 §ﬁzw@. (3.12b)
dt ox 0Oy

Equations (3.12a,b) were used to control our numerical calculations. We emphasize
that all formulae of this Section (excluding, of course, (3.3) to (3.5)) are exact and do
not depend on the magnitude of a.

4. Intense vortex with initially piecewise-constant relative vorticity

We proceed from the non-dimensional form (2.3) of the equations. Let the initial
relative vorticity be

Qo=V*¥y—¥y=H(l—r), (4.1)
where H(z) is the Heaviside function: H(z) = 1if z > 0 and H(z) =0 if z < 0. The
potential vorticity Il = Q + «y is equal to, at t = 0,

I =Iy=H(l—r)+ay. (4.2)

By the conservation of potential vorticity the discontinuity in the right-hand side of
(4.2) is conserved in time, i.e. the potential vorticity can be represented as

=0+ uay (4.3a)
where the relative vorticity
Q0 =V*¥Y —¥ =H(r, —r) + og(x, y, ). (4.3b)

Here q(x, y,t) is a continuous function and the patch boundary depends on 6 and ¢
so that

ry = rp(0,1). (4.4)
Substituting (4.3a,b), (4.4) into (2.3) and equating to zero the singular and regular
parts in the resulting equation we obtain

oq oY —
E‘FE—F(}(W,(])—O, (4561)
ory, 10¥*| orp Lov"|
E‘FEW b%—f‘aﬁb—o, (45b)
where
Y'=Y 4+ a(Uy — Vx), (4.5¢)

and al, = a(rp, 0,1). The third equation is (4.3b) and relates the streamfunction ¥ to
the relative vorticity. The initial conditions are that

¥(r,0,0) = Po(r), V*¥o—¥o=H(—r), (4.6a)
q(r,0,0) =0, (4.6b)

and
r»(60,0) = 1. (4.6¢)

To close the problem we have to define a method to calculate the translation speed
U = (U, V). The simplest way is to trace the centroid of the vortex patch ST bounded

1 It does not coincide with the vortex centroid, the location of which is determined by (3.8), (3.9).
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by the curve r = r,(0,t). The centroid location (x., y.) is given by the equations

/ xdxdy / ydxdy
S S (4.7

Xe=—F—" Ye= —7F—»
/dxdy /dxdy
s s

which in polar coordinates take the form

1 2n ; 1 2n ; )
L= L= . 4,
X 35 J, r;(0,t)cos 0dO, y. 3, /0 r;(0,t) sin 6d0 (4.8)
Here
1 2n s
So= | dxdy = 3 7,(0,t)d0 = constant (4.9)
s 0

is the area of the patch S. Conservation of Sy readily follows from (4.5b) rewritten as
() 4 2w imonon =0 (4.10)

ar\2) e U '

In moving coordinates attached to the centroid x, = y. = 0, i.e. by (4.8) we have the
equations

2n 2n
/ ry(0,1)cos 0d0 = 0, / r3(0,1)sin 0d0 = 0 (4.11)
0 b

which close the problem (4.5), (4.6).
In the limit (2.11) of an intense vortex the solution is sought in the form (2.12);
that is,

Y =) +a?(r,0,t)+ -, (4.12a)
q=q(r,0,t) + aq(r,0,t) + - - -, (4.12b)
ry =1+ oF(0,t) + o*Fo(0,8) + - - -, (4.12¢)

(U, V) = (Uo, Vo) + Uy, Vi) + -+~ (4.12d)

When solving (4.5) we demand that ¥,VY¥ are continuous on the curve r = r,(0,1)
to provide the continuity of the pressure and velocity field.

The model under consideration was suggested by Sutyrin & Flierl (1994) in a
somewhat different form. The exceptions are the important equations (4.11) which
allow us to examine analytically higher-order terms in the expansions (4.12a—d) (the
first-order quantities were found in Sutyrin & Flierl 1994) which are of importance
at later stages of the vortex evolution. It may appear that this model is much more
complicated than the original problem (2.1), (2.2) but this is not the case. The great
simplification is that equation (4.5a) for the vorticity perturbation ¢ does not contain
the advection of the lowest-order vorticity H(r,—r); the advection is described instead
by equation (4.5b).

5. The lowest-order solution and f-gyres
Substitution of (4.12a—d) into (4.3b), (4.5a,b) and (4.6) gives, at the lowest order,

V¥, — ¥y =H(l —r), (5.1a)

0¥

[Po] = {ar] =0, (5.1b)
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FIGURE 1. Radial profiles of the initial streamfunction ¥¢(r) (solid) and the angular velocity

Q(r) = (1/r) d¥,/dr (dashed).

91 | 7,04 ~
— 4+ Q(r)—+ +rQ =
T + Q(r) 20 +rQ(r)cosf =0,
qi(r, 0, 0)=0.
Here Q(r) is the angular velocity of the initial vortex, that is
Q(r) = 1%’
r or

and the notation [a] = a(1 —0,0,t) —a(1 +0,0,¢) is used.
The initial streamfunction ¥o(r) and Q(r) have the form
W — —1 +K1(1)10(V), r < 1
C LK), r>1,

_ L (Ki(Di(r), r<1
Q) =7 {11(1)K1(r), P> 1,

(5.1¢)
(5.1d)

(5.2)

(5.3)

(5.4)

where K, (r),I,(r) are the modified Bessel functions of order n. The profiles of Wy (r)

and Q(r) are shown in figure 1.

The vorticity correction q; is readily obtained from (5.1¢) and has the dipolar form

g1 = qi58in 0 + gy cos 0,
where
01 = qis +iq1. = —r(1 — exp (—iQ1)).
For the first-order quantities we have

VZW] - Tl = Q1(Va 03 t)a

o,

[Wl] = Oa |: or

} — _h(0.1)

(5.5a)

(5.5b)

(5.6a)

(5.6h)
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071 — 0F1 6'1’1(1, 0, I) . N
E—i—Q(l)a—g —I—T—i— UycosB + Vysinf =0, (5.6¢)
2n
/ 71(0,t) exp (16)d6 = 0, (5.6d)
0
GQ2 — 6q2 - 5?’1
W + Q(’”)% =—J(¥1 + Uy — Vox,q1) PR (5.6¢)

Note that the discontinuities at » = 1 (see (5.6b) and analogous equations below) arise
when writing at the non-perturbed patch boundary r = 1 the continuity condition of
Y, V¥ atr =ry(0,1).

The problem (5.6a—d) is solved by decomposition into a Fourier series in 6. As a
result we have

71(0,t) =0, (5.7a)
¥y = Ag(r,t)sin0 4+ A.(r,t)cos 0, (5.7b)
Y1

% + UgcosO + Vysin0 = 0, (5.7¢)

where ‘
A=Ay +id, = —h(r)/ ¢O1K(¢)d¢ —Kl(r)/0 €O I1(&)de, (5.8)

and Q, is given by (5.5b). The translation speed components Uy, V, are obtained from
(5.7¢) and can be written as

o0 1
Uo+iVo = —A"(L 1) = —1+14(1) / 2K (&) exp (Q0)dE 1K (1) / 1) exp (i00)d2,
1 0

(5.9)

Thus this lowest-order approximation describes the developing -gyres (the function
¥, in (5.7h)) advecting the vortex northwestward (see figures 2, 3) with the translation
speed U = (U, V) given by (5.9); the vortex patch shape remains unchanged. The
solution (5.5a,b), (5.7a—c), (5.9) was derived in Sutyrin & Flierl (1994) (with slightly
different notation). Here we consider some important properties of the beta-gyres
¥, which were not analysed in Sutyrin & Flierl (1994).

Figure 2 shows a typical development of the beta-gyres gradually amplifying and
expanding, with a broadening large-scale approximately rectilinear flow forming in
the central region. The -gyre magnitude increases very slowly with increasing time as
can be seen in figure 2. The asymptotic behaviour of A for u = Q(r)t fixed, t — oo, is

A =In [l + Fw)] + 0(1), (5.10a)
u [Peiv e —1

where T = I;(1)t (see the Appendix).

The central flow advecting the vortex along the dipole axis appears to be practically
uniform in some region near the vortex centre as readily follows from the behaviour
of the residual flow W,es, ¥ es

Pies = Y1+ Uoy—Vox = [Aa(r, 1) —rAa (1, 0)] sin 0+[A (r, 1) —rAc(1,1)] cos 0,  (5.11a)

+ When comparing our results with Sutyrin & Flierl one should keep in mind that their
non-dimensional time differs from ours, our T = 100 corresponds to their T = 35.
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FIGURE 2. Development of the primary f-gyres.

shown in figure 4. It is clearly seen that ¥, practically vanishes in some region
r < r.s(t) centred at the vortex centre, i.e.

Wy =W+ Upy — Vox 0, 1 < Fres(t). (5.11b)

The size (somewhat arbitrary) r,..(t) of this region monotonically increases with
increasing time: 7,,(50) =~ 1, r,,(100) ~ 2. So, as time passes, the region becomes
larger than the vortex patch.

This feature can be explained using the asymptotics of ¥y, Uy, Vy for large times.
For r fixed, and ¢ large, we have

A =r+ L(rG(t) + 0(1/1), (5.12a)
L.
mcm:-%mﬁ+omwa (5.12b)

n*7T 3CIn*7

Im G(1) = —— + +0(ln 7/7), (5.12¢)

and
Uy —iVy = —A(1,t) = =1 + I;(1)G(t) + O(1/1), (5.13)
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FiGURE 3. The lowest-order translation speed components: (a) zonal component Uy, (b) meridional
component V. The oscillations of the speed in time are produced by the integral over the vortex
patch region (the last term in (5.9)). The components Uy, V, (bold lines with stars) are decomposed
into parts due to the last term (dashed lines), and the first two terms (thin solid lines) in (5.9).
Almost solid-body rotation of the main vortex inside the vortex patch (see figure 1) results in a very
slow decay of the oscillations in time.

where C is the Euler constant and we recall that 7 = I;(1)t. By virtue of (5.12) and
(5.7b) we now see that ¥, — rsinf in the region r = O(1), Uy —» —1 and V; — 0
with increasing time. Therefore, the residual flow ¥,.; — 0 in the region r = O(1),
which gradually expands with time. In accordance with (5.12b,c¢) this tendency is
rather slow, much slower than that seen in figure 4. However, numerical calculations
show that the asymptotics for (5.12b,c) are applicable only for very large times and
the function G decreases much more rapidly than in (5.12) with increasing time for
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FIGURE 4. Radial profiles of the coefficients in (5.11a): (a) the coefficient Ay (r,t) — rAdg(1,1);
(b) the coefficient A.(r,t) —rA.(1,1).

t < 200. In addition, one can write in the region r = O(1),
A(r,t) —rA(1,t) = [I1(r) — rI(1)]G(t) + O(1/1).

In practice, the difference I;(r) —rI(1) is small for r in the range 0 < r < 2 and this
also greatly contributes to the rapid residual flow decay in this region for moderate
times (¢ > 10) as shown in figure 4. Note that the smallness of the residual flow
¥, 4+ Upy — Vox in the main vortex region is observed in practice in all numerical
experiments with localized vortices (e.g. Fiorino & Elsberry 1989).

The smallness of the residual flow is of great importance for understanding of the
long-term vortex evolution because it has significant implications for the range of
time over which the expansions (4.12) remain a good approximation to the solution.
To show that, we consider the remainder arising when substituting the approximate
solution ¥, + o into the basic equation (2.3). The main part of this remainder is
equal to the right-hand side of equation (5.6e) multiplied by «?>. The most ‘dangerous’
part of this remainder is the Jacobian containing the spatial derivatives of g; growing
proportionally to t with increasing t (see (5.5)) and therefore one would expect a
rapid growth of the remainder with time, resulting in a rapid loss of validity of the
expansions (4.12). Instead, using (5.12), (5.5) one can show that formally the remainder
grows proportionally to In® ¢ for large r. However, due to the exponential decay of
¥, and, therefore, of ¢q;, the region of rapid growth is concentrated near the vortex
centre where the growth is compensated by the smallness of ¥, in the Jacobian.
This effect, together with the slow time growth of ¥y, results in a very slow increase
of the right-hand side of (5.6e) with increasing time. Our calculations show that the
right-hand side does not exceed 1.5 for t = 100. The boundedness of this remainder
means that the approximate solution ¥y + a¥; can be a good approximation for
many turnaround times exceeding the wave time T,,. This conclusion is confirmed by
numerical experiments performed for various initial vortices in divergent (Sutyrin et
al. 1994, their figure 4) and non-divergent (Reznik & Dewar 1994, their figures 1 to 3)
models. Obviously, the behaviour of the right-hand side of (5.6e) retards the growth
of the second vorticity correction ¢,, which also contributes to a greater ‘longevity’ of
the expansions (4.12). For analogous reasons the next-order remainder also does not
grow catastrophically with increasing time (see the end of §7).
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It follows from (5.7b), (5.12), and (5.13) that locally the approximate solution
Yo+ oW, tends to

v, =Y, (\/(x + at)? —i—y2) +ay as t— oo, (5.14)

The state ¥, is an exact solution to the equation (2.3) (with U = V = 0) for an
arbitrary axisymmetric function ¥y(r). One can say that the transformation (5.14)
‘kills’ the fS-effect, which is why an arbitrary axisymmetric vortex moving with the
drift velocity on the background of a uniform zonal flow with the same velocity does
not radiate any Rossby waves. The tendency of the solution to the state (5.14) can
be considered as an interesting example of a transient nonlinear self-organization
when the nonlinearity and near-field radiated Rossby waves (the f3-gyres) create the
tendency for the vortex to adopt a non-radiating state and in doing so retard the
vortex decline. Of course, this tendency holds only when the vortex is sufficiently
strong.

6. The axisymmetric and quadrupole corrections
Taking into account (5.7a) the second-order approximation is described as follows:

VW, — W, = gs(r, 0, 1), (6.1a)
[#,] = 0, [‘”’2] — 50 1), (6.1b)
or
0Fy -,  0Fy 0W,(1,0,1) o
o +Q(1)60 + 20 4+ Uicosf + Vysin0 =0, (6.1¢)
2n
/ 72(0,t) exp (10)d0 = 0, (6.1d)
0

0 _ 0 oy
%43 + Q(V)ﬁ = —J(¥, + Upy — Vox,q2) — J(P2 4 Uy — Vix,q1) — —.  (6.1e)

ot 00 0x

As can be seen from (5.6¢) the ff-gyres self-interaction, f-effect, and advection of
¢ induce an axisymmetric and quadrupole components in the vorticity field, i.e. ¢,
has the form,

42 = qao(r, 1) + qas(r, 1) sin 20 + g (r, t) cos 20. (6.2)
Here

t 1 o t
G20 = Im/ (A*Ql)’dt—/ Vodt, (6.3a)

0 2r 0

1 o to_ - o
e +ign = 5 o2 [ (30 - 40 (6.3b)
0

A=Ay +idq = A(r,t) —rA(1, 1), (6.3¢)
Ql = qls + iqlc = re—if)t, (63d)

where the prime denotes differentiation with respect to r. The streamfunction ¥,
and the patch boundary disturbance 7, are obtained from (6.1a) to (6.1d) using a
decomposition into Fourier series and can be written as

W, = By(r,t) + Bay(r, 1) sin 20 + B,.(r, t) cos 20, (6.4a)
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72(6,1) = r () sin 20 + r2(1) cos 26, (6.4b)
where
By(r,t) = —Io(”)/ rKo(r)qaodr — Ko(’)/ rlo(r)gaodr, (6.5a)
r 0
By = By, +1iBa = B, — RP (1) 9(r), (6.5)

BNMZJNVV&W%+WMWKN%HNMKHMM (6.50)

t
RP(t) =r5) +irf}) = —2ie™! / By(1,1)e™"dt, (6.5d)
0
e _ (KoL), 1<
o=2[0m o). em-{ier T3] (6.5¢)
Since neither ¥, nor 7, contain cos 0, sin 0 we have from (6.1¢),
U =V =0, (6.6)

i.e. the translation velocity remains unchanged at this order.

The time evolution of the axisymmetric correction g,y is shown in figure 5. In
accordance with potential vorticity conservation (2.7a) gy is negative in a region
around the vortex centre. As the vortex travels along the meridian this region becomes
wider and ‘deeper’ giving rise to a broadening annulus in the field Qo + «*q» with
vorticity opposite in sign to the main vortex. The vorticity in the annulus has a fine
structure, clearly seen in figure 5, with scale decreasing with increasing time because of
the relatively rapid differential rotation in the main vortex for the range 1 < r < 2 (see
figure 1). One can expect that such a structure exists only in the absence of friction,
which if included in the model would result in homogenization of the vorticity inside
the annulus.

The formation of an annulus with oppositely signed vorticity was qualitatively pre-
dicted by Korotaev (e.g. Korotaev 1988) and demonstrated in numerical experiments
(Sutyrin et al. 1994; Korotaev & Fedotov 1994). Somewhat more surprising is that
this annulus is not alone; it is followed by two broadening annulae with alternating
signs. We emphasize also that gy is of the same sign as Qg at the vortex periphery,
i.e. the angle-averaged relative vorticity increases with increasing time far from the
vortex centre. It is important to note that the behaviour of g, is qualitatively the
same as the behaviour of the azimuthally averaged perturbation vorticity in the case
of a non-divergent vortex examined numerically by Smith, Weber & Kraus (1995, see
figure 2 of their paper). Therefore one might expect that these features are typical for
vortex evolution on a f-plane.

The general features of the vorticity evolution described above are in a full agree-
ment with the conservation laws (3.7), (3.11b). By virtue of (3.7) the integral Wy
in (3.11b) is always opposite in sign to the total angular momentum, i.e. is positive
(negative) for a cyclone (anticyclone). The main contribution to Wy is from the vortex
periphery because of the multiplier 72 in the integrand. Therefore the difference Q —Qy
is, on average, positive for a cyclone and negative for an anticyclone on the vortex
periphery, ie. the vortex periphery always intensifies. On the other hand we have
from (3.7) that

/@—anwza 6.7)
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FIGURE 6. The non-dimensional energy and enstrophy (divided by o’r) gained by the beta-gyres
and lost by the axisymmetric component.

whence it follows that for a cyclone (anticyclone) the positive (negative) difference
Q — Qo on the vortex periphery has to be compensated by the negative (positive)
difference Q — Qy in a central region. Thus the localized vortex weakens in the central
region and intensifies at the periphery, i.e. it gradually broadens and ‘flattens’. The
integral Wy in (3.11b), which can be considered as a measure of this flattening, is
directly proportional to the squared distance travelled by the vortex in a frame moving
with the drift velocity (—1,0). It readily follows from (5.12b,¢), (5.13) that for the
present case of an intense vortex the right-hand side of (3.11b) is dominated by the
meridional displacement Y at large times,

Wo=0(n"1), t>1. (6.8)

At the same time in the linear case (i.e. when the nonlinear terms in (2.1) are
omitted) the meridional speed of a linear vortex is equal to zero and the zonal
speed is about 30% of the drift speed of —1 (Flierl 1977). Correspondingly, in the
linear case, the integral W, grows proportionally to %, i.e. much faster than for the
intense vortex. Thus a linear vortex expands much faster than a strongly nonlinear
one which clearly demonstrates the ‘self-binding’ effect revealed in the numerical
experiments by (McWilliams & Flierl 1979; Smith & Reid 1982; Horton 1989).
The axisymmetric streamfunction correction B,y is much smoother than ¢,y and is
approximately opposite in sign (see figure 5 and (3.11a)). Otherwise the behaviour of
these fields is very similar to each other.

Knowing B, g20 one can check that the conservation laws (3.5a,b) are obeyed by
the asymptotic solution (see figure 6). The total energy E,. and enstrophy N, of the
axisymmetric component are given by the equations

E. = Ey — o2’ E(t), (6.9)
N = No — o Ng(1), (6.10)
where
Eg(t) = —/ ¥.qdxdy = —n/ r(Asqis + A qic)dr, (6.11)
0

N/;(t)=n/ovr|Q1|2dr 6.12)
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are the energy and enstrophy of the f-gyres, and E,, N, are the total energy and
enstrophy,

1
E() = —/ ‘POQdedy = —271:/ V'{lodr = 27'5[% —Kl(l)ll(l)] ~ 0.16 x 2TC, (613(1)
0

Ny = /Q(z)dxdy =T (6.13h)

Surprisingly, the time dependences of E4(t), Ny(t) are remarkably well approximated
by straight lines despite the rather complicated behaviour of the functions ¥y, q; (see
figure 6). With a good accuracy the functions a?E4(t), o Nj(t) can be represented as

s

t
WEp(t) = 2n x 0.10°t = 0.2nT, (6.14)
d

5

2N (t) = 0451, (6.15)
T,

where t* is the dimensional time, T, is the distortion time. One can define the
typical lifetime t{l} (tf}-) of the vortex as a time when the energy (enstrophy) of the
axisymmetric component becomes equal to the energy of f-gyres, i.e.

En=0"Eg=1Ey (Nu = >Ny =1N). (6.16)
Taking into account (6.13a,b) we have that
tﬁv =0.8T, (tf}’v = 1.1Ty). (6.17)

These estimates are close to the distortion time Ty, thus confirming the self-consistency
of our theory since the estimates for the lifetimes tff, tf}’- and the estimate for the
distortion time T, are obtained in very different ways. At the same time the ‘enstrophy’
lifetime tﬁ slightly exceeds the ‘energy’ lifetime tﬁn. Physically it means that the
vortex vorticity field distorts somewhat slower than the vortex velocity field, which
is dominated by larger space scales and therefore is distorted faster by Rossby wave
radiation. This effect was clearly seen in numerical experiments with a non-divergent
vortex by Reznik & Dewar (1994): the relative vorticity extremum value decreased
significantly slower than the streamfunction extremum value. One might expect that
an analogous effect takes place for the divergent model.

For typical oceanic parameters in midlatitudes f =2 x 107 cm~'s™!, R; = 45km
and the drift velocity BR} ~ 4cms~!. The typical maximum swirl velocity in mid-
oceanic eddies U, = 20cms™~' which corresponds here to o = 0.4fR3/U, = 0.08.1
Thus we have the following estimate for the ‘energy’ lifetime of mid-oceanic eddies,

(1 ~ 130 days. (6.18)

For rings with typical swirl velocity 1 ms~!,

tj; =~ 650 days. (6.19)

Although rather crude (the energy losses caused by the higher azimuthal harmonics
are not taken into account) the estimates (6.18), (6.19) are very reasonable and

1 The non-dimensional maximum orbital velocity in our model is equal to 0.4 (see figure 1).
Thus to fit the model vortex to a vortex with maximum orbital velocity U, one should choose the
parameter o in our model equal to o = 0.48R3/U,.
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suggest that the energy transfer from the axisymmetric component to the f-gyres
plays a substantial role in the vortex decay.

The time evolution of the second-order correction fields (6.2), (6.4a) is shown in
figures 7 and 8. At the initial stage (t = 10) the streamfunction ¥, looks like a
tripole consisting of a distorted and elongated central anticyclone, and two weaker
side cyclones. With time the distortion gradually grows due to the differential (fast in
the central region and slow in the periphery) counterclockwise rotation of the main
vortex. The structure that develops consists of a strong, practically axisymmetric
central vortex surrounded by four weaker azimuthally elongated vortex satellites
with alternating signs. The system expands and intensifies with increasing time, the
satellite centres gradually migrating radially outward rather than rotating around
the main vortex centre. Comparing figure 7(a) with figures 5(b), 8 one can readily
see that the axisymmetric component By, and the harmonics sin26 and cos26 in
(6.4a) are responsible for the central vortex and the satellite cyclones and anticyclones
respectively. An important feature of this structure is that the quadrupole component
By, sin20 + By, cos20 is very weak in the central region where the axisymmetric
component By is mainly confined (figures 5b, 8). The evolution of vorticity ¢, is quite
similar to that of ¥, (see figure 7b), except that much stronger gradients develop in
the vorticity field.

All these features can be easily understood if one represents (5.6e) in the form

a‘h
ot

By virtue of (5.11b) the residual streamfunction ¥..,, = ¥, + Uyy — Vox is very
small in the central region and the right-hand side of (6.20) is dominated here by
the term —V, which contributes, obviously, to the development of an anticyclonic
axisymmetric vortex (see figures 5a, b). In turn, the quadrupole part of the right-hand
side is confined mainly to the vortex periphery characterized by a slow rotation rate,
with the result that the vortex-satellite centres are practically immovable.

Since the extrema of the quadrupole harmonic amplitudes B,; and B,. are located
at r > 1 the function B,(1,t) determining the patch shape distortion in (6.5d) is
small: | B,(1,1)] does not exceed 2.5 for t < 100. Correspondingly, the correction term

<x2(r( sin 20 + r ) cos 20) is non-zero at this order, but remains small.

0
+'()q2_—ﬂwr+mw—VM4r+w—Vd (6.20)

7. The secondary f-gyres and translation speed correction

To determine the first non-zero correction U,, V, to the translation speed we have
to calculate the third-order fields. The equations for this approximation, being rather
cumbersome in their full form, are greatly simplified by the relationships (5.7a), (6.6)
and can be written as follows:

V25 — W5 = qs(r,0,1), (7.1a)
%3] =0, F”ﬂ=—maa (7.1b)
or
%_ Q(l)%—kai19 [ Nma(:@t)—kqﬁ(l,e,t)} + Uycos0 + Vysin =0, (7.1¢)

2n
/ 73(0, 1) exp (10)d0 = 0. (7.1d)
0
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FIGURE 7(a). For caption see facing page.

The vorticity correction g3 is obtained from (6.1e) and has the form

q3 = nyssin 0 + ny. cos 0 + ns, sin 30 + n3. cos 30, (7.2a)
A t .=
ny = ny +1inge = e‘Q’/ me'dt, (7.2b)
0
m = My4y + Mgy, (720)
1 . 7 : L 5 A D! A*
qur = 5 [2(q23 + 1q20)A + (6123 + 1q2c) A" — 2BZQl - BZQI]’ (72d)
i I I A

Here myq and m,, denote the contributions to the function m from the quadrupole
and axisymmetrical components, respectively. Knowing ¢; one can find ¥;, r;, and
U,, V5, from (7.1a) to (7.1d). However the quantities U,, V> which we are mainly
interested in can be calculated in a simpler way.
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FIGURE 7. Time evolution of the second-order correction fields: (a) streamfunction ¥(r,0,t);

(b) relative vorticity g(r, 0, 1t).

Let us represent the streamfunction ¥ as a sum
V3 =%+ Pus,

where V.3 and ¥ys satisfy the equations

oY
Vs —Pys=q [Ppsl= [ 8rq3} =0,

= —F.

oY
Vi Wy — Wi =0, [Pu3] =0, [ ’“]

or
The solution to (7.4) is given by the equations

V3= byssin 0 + by cos 0 + b, sin 30 + bs, cos 30,

bi(r,t) = by + by, = —Il(r)/ rn Kq(r)dr — Kl(r)/ rngd(r)dr.
r 0

(7.3)

(7.4)

(7.5)

(7.6a)

(7.6b)

By virtue of (7.1d) the harmonics sinf, cosf are absent from r; and, according to
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FIGURE 8. Radial profiles of the coefficients Bay(r,t), By.(r, t) in the quadrupole correction
(see (6.4a)).

(7.5), also from ¥y3. Therefore using (7.6a,b), (5.7b), (6.4b) we have from (7.1¢)

Us — iV, = _%R;”A*’(L £)— bi(1,1), (7.7a)

bi(1,t) = —11(1)/1OO rn K q(r)dr —Kl(l)/o1 rngdq(r)dr. (7.7b)

On the right-hand side of (7.7a) the first term is caused by the vortex patch distortion
and the second term results from the dipole part of the streamfunction ¥5. The
magnitude of 7, is small and the first term is found to be more than one order of
magnitude smaller than the second. Thus we come to the conclusion that both the
lowest-order translation speed Uy +iV, and the correction U, +1V; are determined by
the dipolar part of the field. In what follows the streamfunction ¥ and the dipolar
part of ¥; will be referred to as the primary and the secondary f-gyres respectively.

The plots of U, V; as a function of ¢ (figure 9a) reveal the strong variability of these
quantities in time, both corrections U, and V, being predominantly positive. It means
that the secondary ff-gyres decelerate the vortex in the zonal direction and accelerate
it in the meridional one. At the same time the modulus of the total translation speed
|Uy + «2U,| is, on average, smaller than |Uo| (see figure 9b).

These effects, the meridional acceleration of the vortex along with its total deceler-
ation, are clearly seen in figure 10 comparing the lowest-order and corrected tracks.
Figure 10 is in a good qualitative agreement with analogous figure 4 of Sutyrin et
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FIGURE 9. The translation speed correction: (a) U,, V,; (b) |Uy| (dashed line) and |Uy + o® U,
(solid line); o = 0.08.
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FiGURE 10. The vortex trajectories: T Ry —the trajectory related to Uy; T Rror —the corrected
trajectory related to Uy + 02U, ; o = 0.08.

al. (1994) which represents the lowest-order track produced by the primary [-gyres
and the real vortex trajectories calculated numerically. However, Gaussian initial vor-
tices were used in their paper; therefore one can hope that the effects described are
common features of vortex dynamics on the -plane.

Similarly to the case of Uy, V; (see figure 3 and its caption) the oscillatory behaviour
of U,, V; is related to the second term in the right-hand side of (7.7b) proportional to
the integral over the vortex patch region. This is readily revealed when decomposing
U,, V, into the progressive (Uy,, V>,) and the oscillatory (Us,s, Vaes) parts:

Uy =Usp + Uiy, Vo= Vop+ Vo, (7.8)

which result from the first and the second terms on the right-hand side of (7.7b)
respectively. Figure 11 shows that only the component (U,,, V>,) makes a sign-definite
contribution to the vortex track.

The evolution of the secondary f-gyres biysin0 + by.cos is shown in figure 12.
At the initial stage the gyres look like a dipole approximately opposite in sign to the



274 G. M. Reznik, R. Grimshaw and E. S. Benilov

(@

] 20§

] N

] 105 N

i ] . 1

g 74 /W‘l\vzp

] 0 TR A \'\Hr{/'Hl\HH"llll\le‘nvv"l -------------- 1

3 4 e 120

\ V! ] \ \

] \/ ‘,; - T ] N | ,l \‘ " T
-104 1, o -104 | |

1 V! ] N \"

] VU ] I
—20«E “ _20_E Y Vs
-301 _307

(b)
20 15,
104 )
5
5
53 T -10]
103 -153

FIGURE 11. Analysis of various contributions to the translation speed correction (U, V,): (a)
decomposition of U,, V, into the progressive and oscillatory parts; (b) decomposition of Uy, V;
into the parts induced by the axisymmetrical (Ui, Vaax) and quadrupole (Usgar, Vagar) parts of the
second-order correction field. The oscillatory part is removed from the contribution due to the
axisymmetric component.

primary f-gyres (compare figures 2 and 12 for t = 10). Also, like the primary f-gyres
the magnitudes of the dipole vortices gradually grow in time and their centres migrate
outward, along with a slow counterclockwise rotation decreasing as the centres move
away from the main vortex centre. A new feature is that the vortex shapes change
strongly in time; they elongate in the azimuthal direction bordering an approximately
circular central region, also expanding with increasing time. The time variations in
this region are much more rapid than in the bordering vortices.

Despite the more complicated structure, the mechanism of action of the secondary
p-gyres is exactly the same as that of the primary ones. At each moment the
configuration of the vortex centres correlates well with the signs of the components
U, V5, as is seen when comparing figures 11 and 12. Thus the interaction between
the dipole vortices makes a contribution to the progressive motion of the vortex; the
rapid time changes in the central region produce only the oscillatory part (Usgs, Vaos)
of the translation speed, which is unimportant dynamically despite its large amplitude.

The features of the secondary f-gyres are determined by the behaviour of the
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FiGURE 12. Time evolution of the secondary f-gyres.

right-hand side of (6.1e), which is conveniently rewritten as

0 _ 0

% + QU’)% = Ryop + Ryo1 + Ry, (7.9)
where
Ryyp = ——— 7.10
208 Ox 5 ( )
Ryt = —J(Vres, q20) — J (P20, q1), (7.11)
0¥ ,ur

R221 = _J('Pres’ qqdr) - J( lllqdr; Ch) - a;zd . (712)

The term Ry is the f-term part due to the axisymmetric correction ¥iy; Rooi
represents the interaction between the axisymmetric component and the primary
p-gyres; Ry is produced by the quadrupole fields,

¥ ,ir = Baysin20 + By.c0s20, g = qas 8in 20 + g5, cos 20. (7.13)

The contributions from the terms Raop, Rai, and Ry to the secondary fi-gyres behave
in very different ways.
The contribution to the ¥; field from the term Ry evolves in a manner similar
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to the primary f-gyres, giving rise to a broad uniform flow in the central region
advecting the vortex southwestward. Namely, this term produces a major part of
the positive correction U,, to the zonal translation speed. In turn the corresponding
contribution from the term Ryy; results only in relatively fast oscillations in the vortex
vicinity and contributes very little to the progressive vortex motion.

The streamfunction field produced by the quadrupole component (the term Ry;),
being a simple dipole at the initial stage, becomes in the course of time a complicated
system consisting of intensifying vortices elongating in the azimuthal direction and
being wound around an expanding approximately circular central region (not shown).
Interaction between these vortices induces in the central region relatively weak almost
rectilinear flow advecting the main vortex northward. Thus the quadrupole compo-
nent produces an increase of the vortex meridional translation speed as is seen in
figure 11(b).

Similarly to the case of the primary f-gyres the right-hand side of (7.9) multiplied
by o’ is a residual produced by the sum ¥, + a¥; + «*¥, being substituted into
the vorticity equation. It is very important, therefore, that the right-hand side grows
rather slowly in time. For example at t = 100 the right-hand-side amplitude does
not exceed 60, i.e. the residual remains small even for the relatively low-amplitude
case o = 0.08. As in the case of the primary f-gyres this slow growth is caused by
the structure of the fields ¥, ¥,. The most rapid growth is related to the spatial
gradients Vqy, Vg, the strongest gradients being located approximately at the vortex
core (see, for example, figure 5). In the Jacobian terms J(¥,, g20) and J(¥yes, Ggar)
these gradients are compensated by the smallness of ¥, in the central region (see
§5). In turn, the quadrupole streamfunction ¥, being rather small in magnitude, is
also located mainly outside the region of strong gradients of ¢; (see figure 8). This
results in a slow growth of the Jacobian J(¥ 4, q1). Finally, the term

10¥5 0
J(lpzoylh):; OVZO%

does not contain rapidly growing spatial derivatives.

Thus we see that the residual produced by the sum ¥, + ¥, + o>¥, remains small
for relatively long times, at least up to t = 100 (100 advection times T,). In the case
o = 0.08 (a typical value for the mid-oceanic eddies) the relative vorticity drops by
approximately 18% by the time ¢ = 100, i.e. this time is comparable to the distortion
time T,. Therefore the sum Yo+ a¥; + «*¥, can be a good approximation up to the
distortion time T.

8. Discussion and conclusion

The mechanism of vortex deceleration somewhat resembles coupled wheels: the
main vortex creates the primary ff-gyres advecting the vortex along some trajec-
tory; the primary f-gyres produce the axisymmetric and quadrupole corrections; the
axisymmetric and quadrupole corrections together with the primary f-gyres induce
the secondary f-gyres, decelerating the vortex motion and affecting its trajectory.
All these processes ultimately result from the f-effect and proceed simultaneously,
which makes a theoretical description of the vortex evolution a very complicated task.
However, the problem is simplified in the case of an intense vortex where evolution
is characterized by three well-separated time scales: the advective scale T,, the wave
scale T,, and the distortion time Ty: T, < T,, < T,;. The smallness of the parameter
o = T,/T, allows us to seek the solution in the form of an asymptotic expansion
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in terms of o. One might have expected the time of applicability of this expansion
to be restricted to several advective times T,, i.e. much smaller than the wave time
T,. However, our investigation shows that the first three terms of this asymptotic
representation can serve as a good approximation for much longer times, at least up
to t = 100 T,. For a moderate-amplitude vortex characterized by o = 0.08 (the case
of a mid-ocean eddy) the time 100 T, corresponds approximately to the destruction
time Ty, i.e. the asymptotic representation can be a good approximation up to the
stage of the vortex destruction.

The first stage of the vortex evolution, t < T, is dominated by the development
of the f-gyres and other factors can be neglected. A gradual increasing of the f-gyre
magnitude and size is accompanied by the rise of practically rectilinear uniform flow
in the main vortex vicinity, intensifying and expanding with increasing time. Namely
this flow advects the vortex along the dipole axis. Such a structure of the f-gyres in
the vortex vicinity was clearly seen in all numerical experiments with intense isolated
vortices (e.g. Fiorino & Elsberry 1989), and turns out to be of great importance, since
it ultimately provides the applicability of the asymptotic solution for long times.

The enhancement of the f-gyres results in the amplification of the axisymmetric
and quadrupole corrections. The axisymmetric correction is opposite (the same) in
sign to the initial vortex in the vortex core (on the vortex periphery). Therefore
in the course of time the axisymmetric vortex spreads out and decays. The rather
complicated radial dependence of the azimuthally averaged relative vorticity given by
the asymptotic theory is qualitatively the same as obtained in numerical experiments
by Smith et al. (1995) with a Gaussian non-divergent vortex. Thus one might expect
that such a structure is typical for vortex evolution on a f-plane. The energy and
enstrophy of the axisymmetric component decrease practically linearly with respect to
time with a rate directly proportional to . Correspondingly, the typical lifetimes of a
vortex obtained with use of the laws of energy and enstrophy conservation are directly
proportional to the vortex streamfunction amplitude and inversely proportional to
the squared Rossby wave group velocity SR3. For the open-ocean eddies the typical
lifetime turns out to be about 130 days, while for oceanic rings the corresponding
lifetime is about 650 days.

Advection of the planetary vorticity by the axisymmetric and quadrupole com-
ponents along with the nonlinear interaction of these components with the primary
p-gyres produces the higher-order dipole circulation (so-called secondary f-gyres),
affecting the vortex speed due to the primary f-gyres. As this takes place, the total
speed and its zonal component decrease, whereas the meridional one increases, i.e. the
vortex decelerates and deflects poleward. The zonal deceleration of the vortex is pro-
duced mainly by the advection of planetary vorticity by the axisymmetric correction
(B-effect), and the meridional acceleration (which is also observed in numerical ex-
periments) is due to the effect of the quadrupole component. These features were also
clearly demonstrated in numerical experiment by Sutyrin et al. (1994) with Gaussian
vortices.

The analysis of the primary f-gyres for t — oo shows that the velocity of the
almost uniform advecting flow in the vortex vicinity tends to the drift velocity of
Rossby waves —fR3. Thus, to leading order the system locally tends to the non-
radiating state which is the sum of an axisymmetric vortex moving with the drift
speed and of the uniform zonal flow having the same velocity. It is important that this
tendency speeds up with increasing vortex amplitude. The existence of this tendency
explains the so-called self-binding effect —the decreasing efficiency of wave radiation
with increasing vortex amplitude—clearly demonstrated in numerical experiments by
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Horton (1989), Smith & Reid (1982) inter alia (see also §6). The secondary [-gyres
retard this tendency and make it transient but their influence is weak for sufficiently
long times for a large-amplitude vortex.

The above consideration leads us to the simple but important conclusion that the
vortex translation speed and consequently the vortex track are determined by the
dipolar component of the motion. This is clearly seen from the moment equations
(3.8a,b) whose left-hand sides vanish in the absence of the dipolar component. Thus
a correct description of the vortex dynamics is determined in many respects by the
ability to describe correctly the behaviour of the f-gyres. In its turn this behaviour
(at least for the divergent vortex) is determined mainly by near-field processes and is
only slightly influenced by the far-field radiation up to rather large times.

The situation for a non-divergent vortex (which is of interest for atmospheric
applications) is not so clear and calls for further investigation. The primary f-gyres
induced in the vortex near field correctly describe the vortex evolution for times of
the order of the wave time T,. At the same time these f-gyres decay very slowly
as r — oo, and the far-field Rossby wave radiation providing the correct behaviour
of the solution at infinity is of importance even at the first order (Reznik & Dewar
1994; Llewellyn Smith 1997).
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Appendix

To derive the asymptotics of A(r,t) for r fixed, t — oo it is convenient to represent
this function in the form

A=r—1(r)P; —I,(r)P, — K(r)Ps, (A1)
where

o0 = Ry . r =
P, :/ K (r)e ¥ dr, Pzz/ K (r)e " dr, P3:/ r*I(r)e “dr, (A2)
R r 0

0

and Ry > 1. Using integration by parts one can readily show that

P, =0(1/1), P;=0(1/1). (A3)
To estimate P; we rewrite it in terms of the new variable
b= K‘r(r). (A4)

Using the asymptotic of K;(r) for » > 1 (e.g. Gradshteyn & Ryzhik 1980) we obtain
b(_) Il b(] o~
P, ~ / r(b)e "db ~ — / In? be*'db, (A5)
0 0

where
bo =b(Ry), t=IL(1)t. (A6)
To estimate the integral

bO o~
D=— / In® be=*"db, (A7)
0
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we represent it in the form

1 b()? u . bof .
D= _E/ In’ ?eﬂ“du == (In*u— 31’ uln? 4 3Inuln®7 — In’* He “du,
0 0

(A8)

and use the asymptotic formula

’ iX 1.1 s LIS 1441 lnn71 S is
e In" xdx = —1e¥*In"s+C, + O p e’), s— oo, (A9)
0
) uol n—1 ) 1 )
C, = 1n/ ue"‘dx —I—/ e¥In" xdx, n>0.
1 X 0
As a result we have

P, ~ D = —G(i), (A 10)

whence (5.12a) follows. B
To derive the asymptotic formula (5.10a, b) for u = Q(r)t fixed, t — oo we represent
A in the form

A =r—1Ii(r)P; — Ki(r)P, — Ky(r)Ps, (A1)
where
_ o - _ Ro . _ r -
P, = / rKi(r)e dr; P, = / rI(r)e dr; Py = / 1 (r)e dr. (A 12)
r 0 Ro
One can readily obtain that

3 b . b 1 uo v
P~ / r(b)e " db ~ —/ e " In® bdb = —~/ e In® =dv
0 0 tJo t

_ In*7

- / e Udv + 0(In*7/7),
0

so that
_ In’7. . In*7
P, = “z Le™—1)+0 ( n; t) : (A 13)
Using the asymptotic formula
1
L)~ ———, r—o w0, Al4
1( ) 25 11’12b - ( )

we write P; as

_ r X L by o—ibt 7 byt el
P3=/RUV I](r)e dr~/b 2bzdb=2/u ?dv,

Py = t/ € _dv+ 0.1/ (A15)

2

whence

Finally, one can readily show that

P, = 0(1/). (A 16)
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Using (A 13), (A 14), (A 15), (A 16) and the equations

Ki(r) = %Klr(r)z - % r=InT+0(1) for u fixed, t— o0 (A17)
we obtain (5.10a, b).
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