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ABSTRACT

We study the quasigeostrophic merging dynamics of axisymmetric baroclinic vortices to understand how
baroclinicity affects merging rates and the development of the nonlinear cascade of enstrophy. The initial
vortices are taken to simulate closely the horizontal and vertical structure of Gulf Stream rings. A quasigeostrophic
model is set with a horizontal resolution of 9 km and 6 vertical levels to resolve the mean stratification of the
Gulf Stream region.

The results show that the baroclinic merging is slower than the purely barotropic process. The merging is
shown to occur in two phases: the first, which produces clove-shaped vortices and diffusive mixing of vorticity
contours; and the second, which consists of the sliding of the remaining vorticity cores with a second diffusive
mixing of the internal vorticity field. Comparison among Nof, Cushman-Roisin, Polvani et al., and Dewar and
Killworth merging events indicates a substantial agreement in the kinematics of the process.

Parameter sensitivity experiments show that the decrease of the baroclinicity parameter of the system, I'?,
[defined as T2 = (D2 3)/(N3H?)], increases the speed of merging while its increase slows down the merging.
However, the halting effect of baroclinicity (large I'2 or small Rossby radii of deformation ) reaches a saturation
level where the merging becomes insensitive to larger I'? values. Furthermore, we show that a regime of small
I'? exists at which the merged baroclinic vortex is unstable (metastable ) and breaks again into two new vortices.
Thus, in the baroclinic case the range of I'? determines the stability of the merged vortex.

We analyze these results by local energy and vorticity balances, showing that the horizontal divergence of
pressure work term [V - (pv)] and the relative-vorticity advection term (v - VV %) trigger the merging during
the first phase. Due to this horizontal redistribution process, a net kinetic to gravitational energy conversion
occurs via buoyancy work in the region external to the cores of the vortices. The second phase of merging is
dominated by a direct baroclinic conversion of available gravitational energy into kinetic energy, which in turn
triggers a horizontal energy redistribution producing the final fusion of the vortex centers. This energy and
vorticity analysis supports the hypothesis that merging is an internal mixing process triggered by a horizontal
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redistribution of kinetic energy.

1. Introduction

Real examples of the merger of two oceanic eddies
were obtained both by Cresswell (1982) in the East
Australian current system and by Robinson et al.
(1986) in the northeast Pacific. Recently there have
been numerous numerical and analytical studies about
the interactions of isolated vortices, but in spite of the
importance of the merger process there is still a limited
understanding of the nonlinear dynamics of interacting
oceanic vortices.

The merging of two isolated inviscid eddies was con-
sidered as a paradox by Gill and Griffiths (1981), who
pointed out that in a reduced gravity model, conserving
potential vorticity and mass during the process, the
final vortex would have energy that is larger than the
sum of the individual energies. A series of numerical
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and laboratory experiments demonstrated that two like-
signed vortices merge under a wide set of conditions.
Thus, many authors tried to justify the merging process
against the Gill and Griffiths paradox by using nu-
merical simulations and laboratory experiments.

The numerical work on the nonlinear processes in-
volved in the interactions of vortices has been done
either for purely two-dimensional flows or simplified
two-layer density stratification systems. Collision be-
tween isolated modons was examined for the quasi-
geostrophic, barotropic equations by McWilliams and
Zabusky (1982). For a range of parameters they ob-
served “inelastic” effects including vorticity filamen-
tation and modon “‘capture” or “fusion” in an over-
taking collision. Overman and Zabusky (1982) studied
with contour dynamics algorithms the instability,
merger, and breaking of two piecewise-constant finite-
area vortex regions. They show that the inviscid merger
process may be viewed as the long time evolution of
an jnstability of the perturbed vortex regions.

Similar results have been obtained by Melander et
al. (1987) who examined the merging of two identical
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regions of uniform vorticity using an approximation
to the 2D Euler equations. Using an analytical model,
they obtained a necessary and sufficient condition for
merger. This merging condition involves only param-
eters contained in the initial condition and the con-
served quantities. Melander et al. (1988) using both
an analytical and a numerical model claimed that
merging is a process driven by filament formation and
caused by the same mechanism as for a single vortex.
In fact, Melander et al. (1987) had previously shown
that a single-signed sufficiently eccentric vortex relaxes
toward axisymmetry by filament generation, which
breaks the elliptical symmetry.

Griffiths and Hopfinger (1986 ) conducted laboratory
experiments with geostrophic vortices in a two-layer
density stratification. They showed that the combina-
tion of two vortices of opposite sign in different layers,
called hetons, tear each other apart over a distance of
order one Rossby radius or less, while they repel each
other if separated by greater distance. They also ob-
served that real vortices of like sign in the same layer
coalesce when they approach sufficiently close to each
other. This occurred most often when the internal
Rossby radius of deformation was large. In another
work Griffiths and Hopfinger (1987) suggested that the
paradox of merging is resolved by releasing kinetic en-
ergy in the eddy exterior. In their experiments, the de-
velopment of two “spiral arms” of core fluid conserves
angular momentum and, through the detrainment of
volume from the vortex cores, may also allow merging
to continue without an increase of the potential energy.

Nof and Simon (1987) suggested that the potential
vorticity of the eddies is altered during their interaction
by some mechanism that is not a simple frictional decay
and that no external source of energy is needed for the
merging. The interaction of two isolated lenslike eddies
was examined with the aid of an inviscid nonlinear
model by Nof (1988). He argues that the alteration of
potential vorticity necessary for the merging to occur
is probably achieved via the action of shock waves in
the nose of intrusions that develop during the merging
process. The final merger vortex is formed by a pad-
lock system of long filaments coming from the original
single vortices.

The paradox of merging of Gill and Griffiths was
resolved by Cushman-Roisin (1989) noting that the
merging of two reduced gravity vortices need not be
complete. The final state consists of a center eddy con-
taining almost all the energy but only a fraction of the
mass, surrounded by a pair of thin filaments holding
the mass difference, a residual of energy, and most of
the angular momentum. Thus, filament formation
seems to have the crucial role of restoring global energy
and mass balances.

Dewar and Killworth (1990) suggested that vortex
merger can be energetically permissible even with per-
fect mass and potential vorticity conservation. If two
eddies interact a potential vorticity mixing is started
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that can have the effect of altering the momentum dis-
tribution in the exterior. The disruption of the integrity
of the external flow can provide a mechanism for re-
lease of potential energy, thus allowing a merger to be
possible.

Polvani et al. (1989) used a quasigeostrophic two-
layer model to describe the evolution of a merging pro-
cess in the limit of a small Rossby number. They de-
termined that the merging dynamics of vortices con-
fined in the upper layer is similar to two-dimensional
inviscid Euler dynamics. For the equivalent barotropic
model (lower layer infinitely deep) they showed that
on scales of a few deformation radii, the process of
filamentation is greatly suppressed, and thus axisym-
metrization almost totally inhibited.

More on the line of our work, Griffiths and Hopfin-
ger (1987) suggested that the density stratification can
modify interactions between vortices through the effects
of the baroclinic component of the velocity field. They
say also that the influence of buoyancy forces is such
that it can oppose the increase in potential energy of
the flow, which must occur in the absence of sufficient
dissipation (Hogg and Stommel 1985). Robinson et
al. (1986) gave evidence of the importance of the den-
sity stratification on the merging process: they per-
formed a set of sensitivity experiments, showing that
increasing the baroclinic effects caused the merger to
occur more slowly. Verron et al. (1990) showed that
the influence of density stratification on merging de-
pends strongly on the initial shape of the vortices. This
is provisionally interpreted as a consequence of the dif-
ferent far-field flow patterns for the different vortex
profiles.

All previous numerical and analytical studies have
dealt with either two-dimensional systems or at most
two-layer systems. In this study we present instead six-
level, realistic stratification numerical experiments in
order to understand how the baroclinicity can influence
the merging of realistic ringlike vortices. The stratifi-
cation is chosen to be representative of the Gulf Stream
free jet regime. We also use realistic horizontal vortex
structures as described by Olson (1980) for cyclonic
rings. The rings have an “interior” velocity field in
near-solid body rotation, surrounded by a front that
exhibits a maximum of the velocity field and a discon-
tinuity in the relative vorticity field. This velocity profile
is similar to Griffiths and Hopfinger (1987) and it is
also vertically sheared. The invariance of the quasi-
geostrophic vorticity equation for {¢,y} < {—y, —y}
transformations allows us to deduce the merging dy-
namics of anticyclonic rings from the simulations of
cyclonic rings. Thus, throughout the paper, we will use
only cyclonic rings.

In section 2 we describe the model parameters and
the numerical experiments. In section 3 we compare
the baroclinic merging process with the barotropic case,
and in section 4 all the baroclinic sensitivity experi-
ments are analyzed in detail. Finally, in section 5 we
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show the results of the energy and vorticity analysis in
order to interpret the dynamics of the merging events.

2. Model setup and numerical experiments

The model used for these numerical simulations is
the Harvard Open Ocean Model (Robinson and Wal-
stad 1987). It is a regional quasigeostrophic dynamical
model that has been developed for realistic local dy-
namical studies of fundamental processes and real data
initialization.

The nondimensional potential vorticity equation is
written:

% 1 ad(y, q) + 8

at = Fie

W
o (1)

where

(2)
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and the Jacobian is defined as
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Here the reader is reminded that we have divided the
total pressure and density fields into

p=p(z)+p'(x,y,2,1)

P = Po + I_)(Z) + p,(xa Y, z, t)9
and the Rossby number expansion is done on the p’
and p’ fields. For the details of the derivation see Rob-

inson and Walstad (1987). The nondimensional pa-
rameters are

Volo f§D?
a == b e — bl
D N3H?
where ¥V is a typical fluid velocity, D the horizontal
scale of motion, H the vertical scale, f; is the constant
part of the Coriolis parameter in the region, 8, is the
meridional gradient of the Coriolis parameter defined
as

B = BoDty, T?=
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where a is the radius of the earth, Q is the earth’s ro-
tation rate, and 6, the central latitude of the domain.
The stratification is contained in o, which is defined
as

M
0'(2) - NZ(Z) s

where
N2 = — &%

po 0z’
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and N, is a typical main thermocline Brunt-Viisila
frequency.

The horizontal part of the potential vorticity ¢, R
= Vi, is called relative vorticity, the vertical part T
=T'%(8/9z)[ (Y /3z)] is called thermal vorticity, while
Boy is the planetary vorticity. We symbolically rewrite
(2) as

O=R+T.

Hereafter I'?, called the baroclinicity parameter,
can also be defined as I'? = 4?/R3, where R}
= N3H?*/f% is approximately the first Rossby radius
of deformation for our stratification (Robinson et al.
1988). The I'? values differentiate between the baro-
tropic regime (d? < R% and small I'?) and the baro-
clinic regime (d? > R3% and large I'?). In other words,
I'? is the ratio between relative and thermal vorticity
components that can be increased (decreased) by in-
creasing (decreasing) d with respect to Rp. A large Ry
with respect to d means that there is no strong baro-
clinic coupling between the levels and that the baro-
tropic mode of the stratified system has the highest
amplitude (Rhines 1977).

The rhs of Eq. (1), Fyx, is the schematic represen-
tation of the Shapiro filter of order i, applied j times
and every k time steps to ¢ (Shapiro 1970, 1971). We
choose p = 4, g = 1, and r = 1. This corresponds to
an eight-order Laplacian operator plus mixed deriva-
tives as shown in Shapiro (1971). This filter removes
small-scale vorticity, which cascades from larger to
smaller scales in nonlinear flows via two-dimensional
or geostrophic turbulence processes (Rhines 1979; and
Robinson and Walstad 1987).

The computational model has been calibrated by
Haidvogel et al. (1980) and Miller et al. (1983). The
open horizontal boundary conditions are those speci-
fied by Charney et al. (1950), that is, the streamfunc-
tion specified everywhere on the boundary and vorticity
specified at inflow points. The mathematical problem

TABLE 1. Model symbols, parameters, and scale factors.
[Adapted from Robinson et al. (1988)].

Symbol Definition
Vo velocity scale: 40 cm s™!
to time scale: 4 days
D horizontal scale: 40 km
fo Coriolis parameter at 8, = 39°N (9.1 X 107 sec™)
Bo 7Y g-gy = 1.8 X 107" (m s7!)™!
N} midthermocline Brunt-Viisild frequency value
H vertical scale: 700 m
N%*(z)  climatological Brunt-Viisili profile
€ (foto)™' = 0.03 Rossby number
« toVo/D = 3.456
8 BotoD = 0.2558

T2 S3DY(NGH?) = 1.411 )

N3¥/N?(z): stability profile

¥ geostrophic streamfunction or pressure

Shapiro filter (p: order, g: frequency, r: which time step)
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FIG. 1. (a) Schematic of a baroclinic ringlike vortex structure developed by Robinson et al.
(1988). (b) Tangential velocity structure of the initial vortex. (¢) Relative vorticity as a function

of radial distance.

will be closed by the specification of an initial condition
for y and q.

For the present purpose of modeling vortices, the
side boundaries are specified as closed; for example,
the streamfunction is imposed to be constant along the
walls together with the initial vorticity. However, we
do not conserve mass in the domain since we do not
impose the integral constraint

J‘fé»—vdxdy=0
oz

(Pinardi and Milliff 1989). Our model results are not
affected by the presence of the boundaries for the length
of the integrations presented.

To find the numerical values of the model param-
eters o and B, we used the nondimensional time, space,
and velocity values listed in Table 1. The scales of mo-
tion were chosen to reflect the dynamics of the Guif
Stream system as discussed in Robinson et al. (1988).

The horizontal resolution is 9 km, the total domain is
131 X 81 grid points (1170 X 720 km?), and the time
step is one-half hour. We use six levels in the vertical
located at 100, 300, 700, 1100, 2150, and 3625 m as
in Robinson et al. (1988).

The initial condition is represented by two equal
cold (cyclonic) baroclinic vortices whose initial sepa-
ration distance d is measured from their centers sur-
rounded by still water. In order to calculate the appro-
priate streamfunction and vorticity fields for model
initialization, an analytic expression for the velocity
structure of the two vortices is assumed. We use the
“feature model” for Gulf Stream rings that has been
used in ocean forecast experiments (Robinson et al.
1988). The tangential velocity increases linearly from
zero at the center out to a maximum V., at a radius
To.

Vmax
ro

v(r) = r for r<ry,

3)
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while outside r, the velocity decays exponentially:
0(r) = Vinae '/} 4)

The parameters of the vortex feature model are thus
given by the maximum velocity V.., the radius of
maximum velocity r,, and the exponential decay factor
a. The velocity decreases linearly in the vertical [v(z)
in Fig. 1a] and becomes zero at a depth zp., in order
to represent a real vortex that has a nonzero velocity
field only above the thermocline. A schematic of the
vortex model and its associated parameters is shown
in Fig. 1a. The standard parameters for the vortices
employed by McGillicuddy (1987) and Robinson et
al. (1988) are

Venax = 160 cm s7!,

for r>r.

y = 60 km,

a=3, Zmax = 1000 m.

From "the expressions (3) and (4) we can write the
geostrophic streamfunction and vorticity fields for the
model initialization. The analytic streamfunction is
written as

Vmax
2Lr:r2+cl for r<ry, (5)

Vmax
zﬁ(r) = fr_o rdr =

i

‘p(r) f Vmaxea[l—(r/ro)] dr

To ani-
—V,,,a,‘—‘-l—e“[l Gl ¢, for r>r. (6)

Assuming continuity in the streamfunction field, we
obtain

Vinax 2 Vmax

ro
2"0

+

= ro,

and can choose ¢; = 0. We obtain the relative vorticity
field, R, calculating the Laplacian of the streamfunction
in polar coordinates, which results in

V max
2_“‘_, r<ry (7)
R= o 1
a
Vmaxeall—(r/ro)](_—-}-—-), r>r. (8)
ro r

In Figs. 1b and 1c analytical velocity and relative vor-
ticity profiles are shown. This velocity profile is also
produced by Griffiths and Hopfinger (1987) in their
laboratory experiments, and for r < ry is the same of
Rankine vortices. Equations (5), (6), (7), (8) give the
¥ and R fields of one vortex. The model initial con-
dition uses the superposition of two of these analytical
expressions to construct a field containing two nearby
vortices. To get g for the model initialization the ther-
mal vorticity is calculated from the y field and the
baroclinic modes. The flow field for r > ry will be in-
dicated as an external flow field to compare our energy
analysis with previous results. The core of the vortices
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TABLE 2. Run table. The nondimensional model parameter
symbols are explained in Table 1; V., represents the maximum
vortex speed measured in cm s, d the vortices separation in kmy/
multiple of 7o and z,,,, the maximum depth of the vortex in meters.

Initial condition Nondimensional model

parameters parameters
Run d Venax Zmax a B I?

BTI1 144/2.4 160 3.456 0.2558 0
BCl1 144/2.4 160 1000 3.456 0.2588 1.411
BC2 144/2.4 100 1000 3.456 0.2558 1.411
BC3 126/2.1 160 1000 3.456  0.2558 1.411
BC4 162/2.7 160 1000 3.456 0.2558 1.411
BCS 144/2.4 160 500 3.456 0.2558 1411
BC6 144/2.4 160 2000 3.456 0.2558 1.411
BC7 144/2.4 160 1000 1.0 0.2558 1411
BC8 144/2.4 160 1000 3.456 0 1.411
BGl1 144/2.4 160 1000 3.456 0.2558 0.1
BG2 144/2.4 160 1000 3.456 0.2558 0.2
BG3 144/2.4 160 1000 3.456 0.2558 0.3
BG4 144/2.4 160 1000 3.456 0.2558 0.4
BGS 144/2.4 160 1000 3.456 0.2558 0.5
BG6 144/2.4 160 1000 3.456 0.2558 0.6
BG7 144/2.4 160 1000 3.456 0.2558 0.7
BGS8 144/2.4 160 1000 3.456 0.2558 0.8
BG9 144/2.4 160 1000 3.456 0.2558 0.9
BG10 144/2.4 160 1000 3.456 0.2558 2.8
G2 144/2.4 160 1000 3.456 0. 0.2
G3 144/2.4 160 1000 3.456 0. 0.3
G4 144/2.4 160 1000 3.456 0. 0.4
G5 144/2.4 160 1000 3.456 0. 0.5
G6 144/2.4 160 1000 3.456 0. 0.6
G7 144/2.4 160 1000 3.456 0. 0.7

is indicated by the region r < ry, for example, the region
of positive and constant values of R.

To understand the merging dynamics of axisym-
metric baroclinic vortices we performed a set of sen-
sitivity experiments, changing both the initial condition
parameters and the nondimensional model parameters;
these are listed in Table 2.

3. Barotropic-baroclinic merger comparison

In this section, we analyze the differences between
the BT1 (barotropic) and BC1 (standard baroclinic)
experiments, shown in Fig. 2. In all of the baroclinic
figures we will show only the vorticity fields at the first
level of the model, that is, at the depth z = 100 m. This
is the level at which the barotropic and baroclinic initial
¢ profiles are identical. This is also the level at which
the fastest merging in the baroclinic case is achieved.

In the barotropic case the merging process starts on
the second day. This means that positive contour lines
belonging to the vorticity cores of the single vortices
are beginning to encircle both vortices. On the third
day the barotropic case shows the merging process well
under way, and on day 5 the two vortices are com-
pletely merged. In the baroclinic case the process is still
evolving on days 3 and 5, and it will be completed only
after 11 days. The slow merging in the baroclinic case



AUGUST 1993

BC1

MIH=-1,208401 MAX= 460400

MIB=-5,72R400 MAX= 5.958400
CI= 2.002400

CI= 2,008400

-

MIw-1,198401 ¥AX~ 4.97B+00
CI= 2.00R+00

MINe-5.26E400 MAXe §.34R+00
CI= 2.00B+00

MIie=1,162401 MAXe 6048400

MIBe-d.94B+00 MAX= S.778+00
CI= 2.008400

CI= 2.008400
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MIB=-4.862400 MAX= 6.BOE+00
cI= 2.00400

MINm-1.172¢01 MAX~ €.21B+00
CI= 2.008400

11

MID=-4. 616400 MAX= 7.168400

MIB=-1.192401 MAX= 5.63R400
o CI= 2,002400

Cl= 2,00B40

20

WIP=-1.23B+0} MAX= §.16E40D

MIB=-4.238400 MAX= 7.01E400
CIe 2.00B400

Cl= 2,0084+00

FIG. 2. Comparison between BT1 and BC1 experiments: relative
vorticity field. The two different experiments are indicated at the top.
Time in days is displayed at the center. The maximum, minimum,
and contour interval are displayed below each picture. Dashed con-
tours correspond to negative values and continuous lines to positive
values. The first dashed closed contour after a continuous line rep-
resents the zero-contour level.

means that the presence of the baroclinicity parameter
(I'?) in (1) inhibits the dynamical evolution of the
merging process.

Comparing the two experiments of Fig. 2 it is clear
that the baroclinic merging case is not only slower but
qualitatively different from the barotropic case. We see
that after only two days the interacting vortices form

1623

a characteristic “S”-shaped area that contains the
combination of the two merging vortices and the de-
veloping arms at the opposite extremities of the inter-
acting region. The arms are due to a process of vorticity
filamentation, which is the result of a two-dimensional
turbulent cascade (Melander et al. 1987). The S-shaped
area rotates anticlockwise faster in the barotropic than
baroclinic case. The faster the merging, the faster the
rotation rate. We can also see at the same time the
presence of two small vortices called “near field” vor-
tices in the upper left and lower right of the S. They
are located near the forming arms and have vorticity
cores of opposite sign with respect to the initial merging
vortex cores. It is clear from Fig. 2 that the near-field
vortices do not develop in the baroclinic case. In the
barotropic case, they probably form as a mechanism
to equilibrate locally the increase in curvature of the
vorticity field. A horizontal vorticity redistribution
process is triggered to balance the local increase of vor-
ticity accumulating in the arms, and it produces the
closed circulation of the near-field vortices. If vortex
stretching (baroclinicity ) is present, the near-field vor-
tices do not need to be generated because relative vor-
ticity can be transformed into thermal vorticity without
triggering the local horizontal redistribution process.
In the energy analysis section below we find that in the
region of the near-field vortices a net conversion of
kinetic to available gravitational energy occurs, thus
supporting the interpretation that relative vorticity
(kinetic energy ) could change into stretching or vertical
shear vorticity (available gravitational energy). Fur-
thermore, it is clear that the barotropic near-field vortex
formation process is not essential to the merging event
because it also appears in the case in which the vortices

2 oo 3

M-I BATI00 MAXe 6.66E40D

WIB--3.702400 KAX= §.528400
o CI- 2.002+00

CI= 2.00E+0

L

MIBe-3,728400 MAX= 6.82E400 IBe-3.82B400 MAX= 7.43E400
Cl- 2.008+00 CI- 2.008400

11 mﬁ 20

WB=-3, 661400 MAX= 7, 655400

HIDe-3, T4RI00 MO~ 7, 558400
€I~ 2.008400 of

F1G. 3. Relative vorticity field for the BC2 experiment. Time in
days is indicated on the left. The contour conventions are described
in the caption of Fig. 2.
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do not merge at all, as shown by Masina and Pinardi
(1991) for the purely barotropic case.

In the barotropic case the developed long and thin
arms accumulate vorticity at their ends. Eventually the
vorticity forms patches corresponding to closed con-
tours. These new patches at the extremities of the arms
are called secondary vortices [also called satellite vor-
tices in Pavia and Cushman-Roisin (1990)]. They can
detach from the merger vortex forming two dipolar
structures with the two near-field vortices. In the baro-
clinic case the vorticity filamentation that characterizes
the two-dimensional enstrophy cascade to small scales

BC5 BCé6
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e 2

MINe-1.94E401 MAX~ 3.39+00
Cle 2008400

MIM==9,05E400 MAX= 5.42E+00
€= 2.008+00

Gy 3

MIBm-1.982401 MAX= 3.82E+00
CI= 2.008400

MINe-6.65E400 MAX= 5.72B400
Cl= 2.00E400

MIN=-2.05E401 WAX~ 5.61E+00 s
CI= 2.008¢00

MIN=-8.17E400 MAX~ 5.75E400
€I= 2.008400

MINe-2,19E401 MAXe §.528400
CI= 2,00E400

NIN=-0.096+00 MAX~ 5,72E+00
CI= 2,008400

11

HIN=-8.10E400 MAXe 7.27E400
€= 2.00E400

MIN=-2.28E+01 MAX= 4.69E+00
CI= 2.00E+00

20

MIN=-7.96E+00 MAXw 6,98E¢00
ClI= 2.00E400

MIN=-2.158401 MAX= €.77E+00
CI= 2.002400

F1G. 4. As in Fig. 2 but for the BC5 and BC6 cases.
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BC3 BC4

MIN=-1.148401 MAX= $,158400
Cl= 2.00£400

MINe-1.16R401 MAX= ¢.31E400
CI= 2,008400

’ Lo

MI¥e-1.158401 MAX= 5.39E+00
Cle= 2.00E400

MINe-1.17E401 MAX= 4,52E+00
Cl= 2.00E400

MIH=-1.16E401 MAX~ 5.12R+00
CI= 2.002400

MIN=-1.17E401 MAX~ 4.91E+00
CI= 2.00E+00

MINe-1.16E401 MAX= 5.31E+00
Cl= 2.00E400

MIN=-1.19E401 MAX~ 5.68E+00
CI= 2.00E400

11 ﬁ

MIB--1.176401 MAX~ 6.12E+00
CI= 2.00E+00

MINe-1,19E401 MAX~ 6.72E400
Cl= 2.00E400

20

MING-1.16E401 MAX= B.18E+00
CI= 2,00E+00

HIN=-1.208401 MAX= §.318400
CI= 2.002+00

FIG. 5. As in Fig. 2 but for the BC3 and BC4 cases.

is clearly inhibited. Thus, a slower merging process
produces thicker arms and stronger secondary vortices
that detach from the merger structure later than in the
purely barotropic case. In the baroclinic case the sec-
ondary vortices are monopoles since there are only very
weak near-field vortices.

4. Baroclinic vortex-merger sensitivity experiments

a. Initial condition parameter variations

In Fig. 3 we show the BC2 experiment, obtained by
decreasing the value of the initial maximum vortex
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WIN--1.16R¢01 WAXe 4.57R400 MIN--1.10B401 MAX= 4.93E40D
1= 2.0084+00 Cla 2.002480
KINe-1.165401 MAX- 5.868400 MIW--1,17E401 KAX= 5.76E400
S1e 2.008400 CIm 2.008400
|
-

1.218401 MAX= 5.778400 MINe-1,158401 MAX= 6,4SE+00
00800 00

Wi
cI= 2 CI~ 2.00E+

FIG. 6. As in Fig. 3 but for the BC8 case.

speed to 100 cm s™!. In this case the merging rate is
slowed down, as seen by comparing day 7 in Figs. 2
and 3. The dynamical behavior of BC1 and BC2 is the
same, but in the BC2 case the processes such as the
“S”-shaped formation and the counterclockwise ro-
tation of the merger structure are slower. Even after
20 days the BC2 case does not complete the detachment
of the secondary vortices from the merger structure.
We can then conclude that the initial horizontal shear
structure of the rings determines the merging rate and
the development of the arms. This case, as the baro-
tropic one discussed before, brings evidence toward the
conclusion that the merging is triggered by a process
of horizontal redistribution of vorticity that is clearly
very sensitive to the initial horizontal shear of the ve-
locity field.

In Fig. 4 we compare the BC5 and BC6 runs. In
these two experiments we changed only the maximum
depth of the vortex (500 m and 2000 m instead of the
standard value, 1000 m). Already after 3 days it is clear
that shallow vortices (left column ) merge slower than
deep ones (right column). The behavior of the slower
case is similar to the standard one, even if the BC5
case produces stronger arms and consequently stronger
secondary vortices. The BC5 merger structure is still
showing vorticity filamentations after 20 days meaning
that the process of axisymmetrization of the merger
vortex is still occurring. The BC6 run shows the de-
velopment of near-field vortices as in the barotropic
case even if they are weaker. The deeper vortices, thus,
behave in a manner similar to the purely barotropic
case.

The comparison between the BC3 and the BC4 runs
is presented in Fig. 5, where the initial separation dis-
tance between the two vortices is changed. The left
column shows the evolution of two vortices separated
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initially by a distance d = 2.1ry, while in the right col-
umn d = 2.7r,, where rg is the vortex radius. The vor-
tices of the BC4 experiment do not merge; thus, our
critical initial separation distance is d = 2.4ry = 2Ax
= (2.4 = 0.3)ry. Melander et al. (1987) obtained a
critical distance d = 3.4ry, which was confirmed by a
value of (3.3 =+ 0.2)r, found by Griffiths and Hopfinger
(1987). Comparing BC1 with BC3 it is clear that a
smaller initial separation distance of the vortices in-
creases the merging rate. In the case of no merging we
can follow for each vortex the characteristic evolution
of a single vortex: the counterclockwise rotation and

BG10 BG7

2 v

MIN=-8,798400 MAXe 5.10E400

MIbin-1,95E401 JAX= 3.90R400
Cle 2.002400

CI= 2.008400

ey 3

MIB=-2.00B401 MAX~ 4,52R400
Cla 2.,008400

MIPw-0.44B+00 MAXe 5.45E400
CI= 2,008+00

W 5

WE=-2,11B401 WA= 6.84R+00
CI= 2.008400

WIBe-7.91B400 MAX= 5.45E+00
€I= 2.008400

MIN=-2,202401 MAX~ 7.24B400
CI= 2.002400

MIB==7.77E400 MAX- 5.555+00
CI= 2.008400

11

MIR=-2.252401 MAX= 5.30E400
CI= 2,008400

MIB=-7.76E400 HAXe 7.110400
CI= 2.002400

20

MEN=-2.245401  HAX= 3. 68R400
CI= 2.00B400

MIB=-7.57R400 MAX= 7.06B400
Cle 2,00R400

FIG. 7. As in Fig. 2 but for BG7 and BG10 cases.
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the process of vorticity filamentation that is particularly
active in the area between the two vortices.

In conclusion, the initial condition sensitivity ex-
periments show that higher values of relative vorticity
and kinetic energy in the initial condition produce
faster merging processes. Slow (small V,,,,) and shallow
vortices merge slower than fast and deep ones. The
abundance of vorticity filamentation in the arms is also
controlled by the speed of merging. Near-field vortices
are produced by deep initial vortices, which merge rap-
idly as in the barotropic case.

b. Environmental parameter variations

In this section we will show experiments obtained
by changing the nondimensional parameters of Eq. (1).

In Fig. 6 the BC8 run with 8 = 0 is presented. Com-
paring Fig. 2 for the BC1 case and Fig. 6, it is evident
that the merging rate is not affected by the value of the
B parameter. The difference between BC1 and BCS is
evident in the formation of the arms. In the BC8 case
the arms are completely symmetric, and the final state
is composed by three monopoles that do not show any
westward shift.

In Fig. 7 we compare BG7 (I'? = 0.7, right column)
and BG10 (I"? = 2.8, left column ) experiments. Com-
paring these two experiments with the BC1 standard
case of Fig. 2, it is evident that the decrease of the
baroclinicity parameter of the system increases the
speed of merging. In fact, after 5 days the vortices with
the smallest baroclinicity parameter are completely
merged; the ones with the standard baroclinicity pa-
rameter are still merging, while the ones with the largest
baroclinicity parameter are too far to merge. However,
after day 5 the I'> = 2.8 starts to evolve in a similar
way to the BC1 case, and at day 20 BG10 and BC1 are
similar, while they are both very different from BG7.
Thus, decreasing the I'? parameter has a greater impact
on the merging process than the increase of I'2. For
large I'? we reach a saturation limit, and the merging
process, after an initial slowdown, occurs as for smaller
I'2 values. These results are in agreement with Griffiths
and Hopfinger (1986) results, which showed that
merging will be favored by larger initial Rossby radii
of deformation (small I'2).

The comparison of these experiments with the ones
obtained by changing the maximum depths of the ini-
tial vortices shows marked analogies. The dynamical
evolution of the runs of Fig. 7 are so similar to those
of Fig. 4 that we can deduce that the depth of the initial
vortices and the baroclinicity parameter affect the
merging process in a similar way. In particular, deep
vortices correspond to shallower vortices embedded in
a smaller I'? environment and vice versa.

In Fig. 8, BG1 (I'? = 0.1) and BG4 (I'> = 0.4) runs
are shown. The simulation with the smallest baroclin-
icity parameter is the fastest among the baroclinic runs
(its merging speed is more or less equal to the barotro-
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MIN=-6,23E400 MAX= 5,83R400 WIN=-7,352400 MAX= 5.45E400
Cl= 2.008+00 ClIs 2.00B400

MINe-5.60B+00 KWAX= 6,29E+00 MIN=-7,008+00 MAXe 5.81R+00
Cl= 2.00R+00 CI= 2.00R400

MIN==5.27R400 MAX= 5.74R+00 HIN=-6,35E+00 MAX= 5.74E+00
Cle 2.00B400 Cl« 2.00E400

MIN=-5.26E+00 MAX= 5,91E+00 MIp=-¢.582400 MAX~ 5,90E+00
CI= 2,00R+00 CI= 2.008+00

MIN=-5,14E+00 MAX= 5.95E+00 MIg=-6,54E400 MAX= §.62E+00
Cle 2.00E+00 Cle 2.00E400

£

MIMe-d.TER400 MAX= 5.7€R¢00
€I~ 2,00+00

HINe=6, 438400 MAXe T.01E400
CI= 2.00400

FIG. 8. As in Fig. 2 but for BG1 and BG4 cases.

pic case). Like the barotropic case, it clearly shows the
presence of two near-field vortices at the extremities
of the arms. The arms do not develop as strongly as in
the barotropic case due to a still-weaker vorticity fila-
mentation process with respect to the purely barotropic
case.

The simulation with I'? = 0.4 shows a new dynam-
ical process. In this case the merger structure developed
through the merging process is not stable. In fact, even
if the initial vortex cores seem to be completely merged
at day 5, they actually are onlysliding one on the other
(see section 5). After day 7 they will split up, forming’
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STABILITY PROFILE (beta=0) an example of such metastable merger vortex for I'2

= 0.4. Indicating with ¢; the time before the splitting
of the merger vortex (11 days for BG4, oo for a stable

20+

INSTABILITY TIME (in days)
$

T T T
0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8
GAMMA

FIG. 9. Stability profile: on the x axis I'? values, on the y axis the
time f; in days before the splitting of the merger vortex with the
assumption of £; = co for the stable vortex.

two separate structures again. Scanning all possible
values of I'? by an interval of 0.1, we found that a
range of critical values of the baroclinicity parameter
exists, for which the merging produces a metastable
merger vortex with a life of several days, which sub-
sequently splits into two new vortices. Figure 8 shows

TABLE 3. Energy equation symbols.

BC1 BC4

R R
model day 1 model day 1
— T T T — T T

VR IR R S |
max=0.4586E+01 min=-.4204E+01
model day 2

T T T T T T

LA B S A SR R S R S |

P INIY WU S T S N

max=0.5262E+01 min=-.3369E+01
model day 3

max=0.4686E+01 min=-.3373E+01

model day 3

L

U U (SN UY T N S

max=0.5713E+01 min=-.3311E+01

model day 7
Symbol Physical process Dimensional form
K Kinetic-energy density ?* + v?)/2
A Available gravitational energy gp'%/2s
. density
K Time rate of change of K oK /ot
AF,  Horizontal kinetic energy —[8(uK)/dx + d(vK)/dy]
advective working rate
o Vertical kinetic energy —d(wK)/dz
advective working rate - -
AF, Horizontal pressure working  —[d(pu)/dx + d(pv)/dy] 1 1 1 1 = L | l 1 L
rate A . . . . . . . . . .
5]" Vertical pressure working rate _a(pw)/az max=0.6811E+01 min=-.3843E+01 max=0.5577E+01 min=-.3214E+01
b Bu\:ﬁ?ﬁg vrv:tr: or Interaction . —pgw FI1G. 10. Relative vorticity fields for BC1 and BC4 experiments at
P Time rategof change of A a4 ot level z = 300 m. The two different experiments are indicated at the
AF, Horizontal AGE advective —[(ud)ox + 3(vA)/3y) top. Time in days is displayed at the top of each picture. The max-

working rate

imum and the minimum of the field are displayed below each picture
and the contour interval is two nondimensional units.
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model day 1
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model day 3 model day 5
T

— T T L e e e R fa
\>‘~\ ‘\ —‘l /“"4*‘\'\“
N Sl .
s
X '
a
S

P IS SN S U AT N T B P T I S S

max=0.6107E+01 min=-.5507E+01 max=0,5953E+01 min=-.5718E+01

max=0.6340E+01 min=-.,4511E+01 max=0.5772E+01 min=-.2748E+01

FiG. 11. Relative vorticity field for the BT1 experiment. Time in days is displayed at the top of each picture. The
maximum and the minimum are displayed below each picture, and the contour interval is two nondimensional units.

vortex as in the BG1 case), we show in Fig. 9 that ¢;
is finite for 0.2 < I'? < 0.7. This also means that the
lifetime of a merger vortex is finite for a wide range of
I'? parameters. In Fig. 9 we used the 8 = 0 experiments
so that there would be no asymmetric behavior in the
development of the arms and less uncertainty in the
classification of metastable merging and cutoff of sec-
ondary vortices from the arms.

5. Energy and vorticity-analysis results

We now analyze the model results via energy and
vorticity analysis (EVA; Pinardi and Robinson 1986,
hereafter called PR) to assess the energy conversion
and redistribution processes occurring during the
merging event. We review some of the formalism and
refer to PR for detailed explanation of the derivation
of the equations. The kinetic energy, K, equation is
written:

d

E,‘K = —aV(voK) — V- (p1vo + v10)

— 3(powy) + dow; + D (9)
K=AFx+ AF, +6f.,— b+ D, (10)

where the “0” and “1” subscripts indicate the zero-
and first-order fields in the Rossby number expansion
of the equations, K = (v3 + u3)/2, po = ¥ is the geo-
strophic pressure or streamfunction; (uo, vo) = (— ¥,
¥,), K is the time rate of change of K, AFy indicates
the divergence of kinetic energy advective fluxes, AF,
the horizontal divergence of pressure work energy
fluxes, 6f, the vertical divergence of pressure work en-
ergy fluxes, and b is the buoyancy work or conversion
term between kinetic and available gravitational energy
(A). The evolution equation for A4 is
i}

4=~V (Yod) = bow, + D

A=AF,+b+ D, (12)

where A is the time rate of change of A4, AF, is the

(11)

horizontal divergence of advective 4 fluxes, and b the
conversion term. In (10) and (12) D is the dissipation
equivalent term in the energy equations due to the filter,
F,,, in the vorticity equation (1). All the symbols are
written and explained again in Table 3. For reference
we rewrite the vorticity equation as

8(VA) + T28,(o¢.), = —av- V(YY)
—ar2v'v(6¢z)z_ﬂ¢x+F (13)
R+ T = AFx + AF; + AFp+ F, (14)

where R is the time rate of change of the relative vor-
ticity, 7" the time rate of change of thermal vorticity,
AFpthe § term, AFy the advection of R, AFr the ad-
vection of T, and F the filter.

a. Vorticity analysis

We first analyze Q and the vorticity balance fields
by showing maps of the various terms in Egs. (13) and
(14). First, we look to the comparison between merging
and no merging events in the R fields. We show only
the R fields because they are qualitatively similar to
the T fields with the addition of smalier-scale com-
ponents that are shown to be important during the
merging. The EVA results are presented hereafter in a
smaller domain centered around the interacting vor-
tices.

In Fig. 10, we show such fields at different times of
evolution of the merging and no-merging processes.
We distinguish two phases in the merging process: the
first between day O and 4 and the second starting at
day 5. During the first phase the merging process is
associated with a flattening of the interacting sides of
the vortices. The R fields of the merging vortices be-
come shaped like cloves (a clove here represents half
of an ellipse ), and jets form along the flat sides of the
cloves. In the no-merging case these jets do not form
as quickly and as strongly as in the merging case. At a
second stage of the first phase (day 3 in Fig. 10) the
zero contour lines start to fuse via the filtering, acting
as a diffusion in the model. This means that the “in-
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BC1 BC4

AFg F AF, R F
model day 1 model day 1 nodel day 1 nodel day 1

max=0.2944E+02 min=-.4405E+02 max=0.2840E+02 min=-.1941E+02 max=0.2287E+02 min=-.2211E+02 max=0.1517E+02 min=-,2539E+02

model day 3 model day 3 model day 3 model day 3
T SO IO
0P _ﬁ °rs o0

max=0.2464E+02 min=-.3278E+02 nax=0.1375E+02 min=-,1673E+02 max=0,7516E+01 min=-.1714E+02 max=0.9447E+01 min=-.5050E+01

model day model day 5 model day 5

N P 2 ML
\ ‘\\ S e

0.
g.

9,06

max=0.2156E+02 min=-.3362E+02 max=0,1036E+02 min=-,7701E+01

max=0.8351E+01 min=-.4810E+01

model day 7 model day 7 model day 7 model day 7

|

max=0,2428E+02 min=-.3294E+02 mazx=0.1528E+02 min=-,1651E+02 max=0.1912E+02 min=-.1697E+02 maz=0.6318E+Q01 min=-.7875E+01

FIG. 12. As in Fig. 10 but for the advection of relative vorticity and the Shapiro filter terms in Eq. (13).
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terior” vorticity fields belonging to the cores of the sin-
gle vortices start to fuse. This process of fusion starts
at the nearest points of the cloves.

The second phase of merging consists of the sliding
of the remaining vorticity cores toward the center of
the future merger structure. In Fig. 10 we show day 7
when the still-separated vorticity cores have formed
into intrusions that are sliding until they overlay. At
day 11 (not shown) another dissipative merging of
contours occurs forming the core of the merger vortex.
The no-merging case seems never to reach the vorticity
configuration necessary to develop the merging phases
as described above.

It is interesting to notice that the same two phases
happen in the fully barotropic case as shown in Fig.
11. In addition, for the barotropic case, there is the
formation of two patches of negative vorticity (regions
I and II in Fig. 11) along the sides of the clove-shaped
vortices. These vorticity patches come from the initial
central area of interaction of the vortices, and they go
to form the anticyclonic near-field vortices of Fig. 2.
This initial vorticity expulsion and concentration is
inhibited in the baroclinic case as evident by comparing
Figs. 10 and 11.

It is interesting to notice that the results of Polvani
et al. (1989) obtained with contour dynamics algo-
rithms, show qualitatively the same two-phase process
of vortex merging. Their initial vortices shape up as
cloves and slide one above the other as in our case.
Naturally the diffusive merging in their case does not
occur. The phenomenology seems, however, similar.

It is important to note that our description of the
vorticity processes points to changes in the “internal”
(vorticity initially contained in r < 7p) vorticity field
of the rings. The intrusion of a “tentacle” eddy during
the merging process as described by Nof (1988) could

“rensemble both formation of the touching edges of the
cloves during the first phase and sliding of the vorticity
core intrusions in the second phase. The intrusions in
our model are, however, changed by dissipation, which
probably prevents the formation of a “padlock” flow
as in the Nof (1988) case.

The merging configuration given by Cushman-
Roisin (1989) is also represented in our simulations
by the arms that eventually detach from the merged
vortex. The merging process described here seems to
contain all the different merging configurations de-
scribed in the literature for different models.

In Fig. 12, we show the AF and Ftermsin Eq. (14)
for the merging and no-merging cases. Here AFris not
shown because it is at smaller amplitude than AFz and
F in the central interaction area and it is not very dif-
ferent between the merging and no-merging cases.
Furthermore, AFr is at larger scales than AFy and it
contributes substantially to the vorticity balance only
in the region of the near-field vortices. It is there, in
the external field to the central core of the merging
rings, that the baroclinic conversion will be strongest
as we will see later.
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At day 1 the principal difference between the merging
and no-merging cases is already evident. There is net
advection of vorticity in the area of interaction of the
vortices, while in the no-merging case AFg and F al-
most totally balance out. In the merging case the fil-
tering is very active, particularly along the flat sides of
the cloves. At day 3 in the no-merging case there is an
attempt to form the same AFy and F structure of the
day 1 merging case but at much lower amplitude. At
days 5 and 7 the AF positive-sign centers (regions I
and Il in Fig. 12) indicate the sliding of the vorticity
cores intrusion. At day 7 we also see the rising of the
filtering activity to complete the diffusive merging of
the vorticity contours. From the vorticity balances it
is then evident that the first phase of the merging event
is triggered by local positive divergence of relative vor-
ticity fluxes in the interacting area of the cloves. Dis-
sipation increases in strength after day 1 to complete
the first phase of merging. The second phase corre-
sponds to strong positive relative vorticity flux diver-
gence on the external sides of the sliding cores, on the
nose of the vorticity intrusions, and to an ultimate dis-
sipative mixing of vorticity in the interior of the merged
vortex.

In Fig. 13, we show the integrated vorticity balances
for the various I'? cases. These results show that the
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fast merging case (I'? = 0.1) has the strongest filtering
in phase 1 and the shorter time scales. The higher I'?
cases show a tighter inviscid balance. The sharp de-
crease in the AFz + AFr term is mainly due to AFr,
which decreases faster in the large I'? cases (2.8). This
behavior is similar to the no-merging case (not shown)

BC1 BC4
AF, AF,
model day 1 model day 1

R :0_,': Y < a
° 01—./|0.'y: i lrrota
max=0,2224E+02 min=-.2057E+02
model day 2

max=0.3173E+02 min=-.3905E+02
model day 2

max=0.3226E+02 min=-,2560E+02

model day 3
)

= I.°> ' %o

12D
s

&'0/ 7 :
: l/no'l0 o) )/QI

max=0.1781E+02 min=-.1829E+02
model day 5

] )
\-\B < .
\.o'oqng“.l | /b crj’ P - ]

max=0.2031E+02 min=~.1656E+02

max=0,1727E+02 min=-.1460E+02

FIG. 14. As in Fig. 10 but for the horizontal divergence
of the pressure work term in Eq. (9).
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BC1 BC4
AFg AFg
model day 5 model day 5

max=0.1649E+02 min=~.1450E+02
model day 7

max=0,1698E+02 min=-.1971E+02

model day 7

max=0.3602E+02 min=-,2165E+02

max=0.1658E+02 min=-,1769E+02

FIG. 15. As in Fig. 10 but for the horizontal divergence
of kinetic energy advective fluxes.

and it is retarding the process. In conclusion, from the
integrated vorticity balances it is clear that small-scale
vorticity is efficiently filtered out in the rapidly merging
case with respect to the higher I'? cases. During the
first phase in the lowest I'? case the balance is

R = F + AFg, (15)
while in the largest T'2 cases the balance is

During the second phase of merging the balance in
(16) shows a dominance of the AF contribution over
the AFy.

b. Energy analysis

As explained by PR, the presence of a local energy
conversion and redistribution between different scales
of motion is indicated by the growth of asymmetric
poles in the maps of the terms in Eqgs. (9) and (11).
This growth is intermittent in time and space. When
a local “instability”” occurs, then a net redistribution
and conversion of energy is realized, and it is indicated
by the growth of such asymmetries. The quantitative
description of baroclinic and/or barotropic energy
conversion processes in classical instability problems
is shown by PR. Here the reader is reminded that baro-
clinic instability or direct baroclinic conversion is given
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FIG. 16. As in Fig. 10 but for the horizontal divergence of advective fluxes of 4 and the buoyancy work fields.
The contour interval used is equal to one nondimensional unit.

by a net A to K transformation via the » term in Eq.
(11). As shown by PR, the barotropic instability is
indicated by the growth of asymmetries in the AF, and
AFg terms. If the barotropic instability occurs in a
baroclinic fluid, X is transformed to A through the b
term (also called baroclinic indirect conversion ).

In Fig. 14, we show the AF, terms for the merging
and no-merging experiments. They show that the first
phase of the merging process is associated with a pos-
itive net growth of AF, and positive poles along the
flat borders of the clove-shaped vortices. This behavior
is evident in all the merging experiments and the faster
the merging, the sharper is this growth in AF,. In the

no-merging case the positive and negative poles of AF,,
remain about the same size and have about the same
relative values in the first three days. Thus, AF, is the
term responsible for the energy merging process.
Here AFg is not as important as AF, in the initial
phase of merging, but it shows some relevant asym-
metries. During the first phase of merging the AFx term
has a quadrupolar, almost symmetric, shape in the area
of interaction of the vortices. However, it is during the
second phase that it becomes very asymmetric, as
shown in Fig. 15. At day 7 the differences between the
AFg of the merging and no-merging cases are clear.
The AFx grows positive poles in the regions of the tip
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FIG. 17. Integrated energy balances at z = 300 m for (a) BC4 case
and (b) BCI case. Solid: K, dashed: b, dotted: AFx, dash-dot: AF,,
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of sliding vorticity intrusions, while the no-merging
case remains in an unaltered configuration from the
start of the process.

Last, we look at the net conversion of K into 4 by
mapping the b and AF, terms. In Fig. 16, we show the
AF,4 and b terms for the merging and no-merging
events. In the merging case it is immediately evident
that the b term grows the positive poles between day
1 and 2, which gives a net conversion of K into 4. The
AF, term is generating symmetric poles of positive and
negative transport of A. Thus, the net average growth
of A4 in the domain during the first phase of the merging
event is due essentially to b and not to AF,. The no-
merging case instead shows a much lower amplitude
in the terms and no growth of asymmetries at days 1
and 2. At day 3 (not shown) b also starts to grow in
the no-merging case but at smaller amplitude.

It is important to point out that the conversion oc-
curs in the region where near-field vortices form in the

model day 1 model day 5
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purely barotropic case. Thus, in the “external field”
(region r > rp) there is a net accumulation of 4 via
baroclinic conversion of K. We believe this could be
the external field source of energy described by Dewar
and Killworth (1990). As shown before, the near-field
vortex growth is inhibited in the baroclinic merging.
In other words, kinetic energy does not accumulate in
the external field, because it is easily converted into A.
In the barotropic case this is not possible, and the near-
field vortex kinetic energy grows locally due to AF,
and AF, processes. However, as shown by Masina and
Pinardi (1991), near-field vortices are not essential to
the merging process since they can also form in the
barotropic no-merging case. Thus, we argue that merg-
ing could occur without any “external source” of energy
as discussed by Cushman-Roisin (1989). In our case
we show that an external-field energy conversion oc-
curs, triggered by the internal vorticity mixing and by
a kinetic energy growth due to AF,. We believe this
result also supports the Dewar and Killworth (1990)
speculations: “Two eddies meet, each possessing sig-
nificant flows in their exterior. The subsequent inter-
action results in potential vorticity mixing that can have
the effect of altering the momentum distribution in the
exterior. This can be consistent with the release of con-
siderable kinetic energy.”

During the second phase of merging the b term, in
Fig. 16, shows a dominance of negative conversion
poles for the BC1 case. On the opposite, the no-merging
case forms positive and negative poles of equal ampli-
tude (day 7). This is interpreted as the tendency for
the no-merging case to average to zero the net energy
conversion in the domain.

To quantify the differences between merging and
no-merging cases we show, in Fig. 17, the integrated
energy balances. During the first phase of the process
(days 1-4), the no-merging case shows a constant b
contribution, and the major balance is

K=~ AF,+ D + b.
In the merging case it is clear that the balance is
AFg+ AF, +6F, +b =0, (18)

with almost no filtering contribution. This means that
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during the first phase the AFx and AF, terms redis-
tribute horizontally kinetic energy, which is converted
to A and exported vertically to other levels. In the no-
merging case, however, the energy redistribution pro-
cess is mainly dissipated and the small residual is con-
verted to A at a small rate. This process indicates that
the triggering of the merging process is given by the
growth of asymmetries in the AFx and AF, terms.
When the local K redistribution is rapid and is not
dissipated as in the no-merging case, the b indirect
baroclinic conversion is very efficient in the external
field.

¢. EVA of metastable merging

We now examine the energy and vorticity balances
for the metastable cases (0.2 < T'? < 0.7), and we an-
alyze only the case of I'? = 0.4 (G4 in Table 2), the
intermediate one in the range of I'? values. All other
metastable cases are clearly similar. We will outline the
differences in energy and vorticity transport and con-
version between the central parameter case (BC1) and
the metastable case so that the process of splitting the
merger vortex can be interpreted.

In Fig. 18, we show the relative vorticity, R, contri-
bution to the potential vorticity, Q. During the first
phase of merging (only day 1), the merging proceeds
in a similar manner between BC1 and G4, for example,
the two initial vortices are shaped like cloves and fuse
at their nearest touching borders. At day 5 it is clear
that the vorticity core intrusions are sliding one above
the other, as at day 7 for the BC1 case of Fig. 10. Here
the sliding occurs before that in the BCI case because
the initial phase of merging is faster in the G4 case
than in BCI. At day 7 the merging vortex is already
splitting. At day 11, what could have been the merger
vortex has split totally into two distinct vortices, which
have higher values of R than the initially separated
vortices of the initial condition.

In Fig. 19, we show the AFy term at three instants
for the G4 case. While the BC1 case shows the growth

AFg
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FIG. 20. The horizontal divergence of kinetic energy advective fluxes for the BG4 experiment.
The contour interval is two nondimensional units.



AUGUST 1993

of positive poles of advection of relative vorticity in
the central merging region (regions I and Il in Fig. 12),
the G4 case shows the total absence of this signal. Fur-
thermore, the G4 case shows a high correlation between
the AF and the F term, indicating that no net transport
or accumulation of vorticity is occurring. Note that the
BC1 case shows at day 7 the growth of positive poles
of AFg, which are not highly correlated with the filter
(see Fig. 12).

To interpret this process of splitting of the merger
vortex we have to examine the energy balances. The
first outstanding difference between BC1 and G4 energy
balances is contained in the behavior of the AFk term
in the kinetic energy equation. In Fig. 20, we show the
term at three different times inside the G4 experiment.
The initial distribution (day 1) of this term is identical
to BC1 (not shown); for example, positive and negative
almost symmetric poles persist without a relevant
growth of asymmetries during the whole first phase of
merging. However, during the second phase and in the
area of interaction of the vortex core intrusions no pos-
itive advection poles of AFy develop between days 5
and 7, contrary to the BC1 case of Fig. 15. Thus, there
is no net accumulation of kinetic energy in the region
of the sliding vortices due to lack of conversion of 4
mto K, as we can see in Fig. 21. The AF, advection
term does not generate positive poles during the first
phase, as in the BC1 case (Fig. 16), and it is instead
exporting 4 from the area of the K to 4 conversion.
Consequently during the second phase, the buoyancy
work b does not convert 4 into K in the region of the
sliding intrusions. Thus, the process of baroclinic con-
version is inhibited in the metastable cases producing
a weak interaction of the sliding vorticity core intru-
sions, which do not fuse stably.

In conclusion, the metastable cases seem to be as-
sociated with a weakening of the baroclinic redistri-
bution and conversion processes occurring during the
first and second phase of merging. Initially the meta-
stable merging process proceeds normally since it is
triggered by a barotropic redistribution mechanism that
dominates the energy balances. However, when the
second phase of merging starts and the baroclinic terms
become partly responsible for the final merging, the
AF 4 exports A from the region and consequently the
A to K conversion is weak, if not absent, during the
second phase. Thus, the region of 0.2 < I'* < 0.7 does
not produce enough baroclinic conversion to make the
sliding vorticity core intrusions strongly interactive so
as to produce final merging.

6. Conclusions

In this study we have simulated and analyzed the
merging of axisymmetric baroclinic vortices in a
quasigeostrophic model. The stratification and model
parameters are typical of the Gulf Stream region, and
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the initial rings fit the ring structure found by Olson
(1980).

The resuits shown here can be summarized as fol-
lows:

e The baroclinic ringlike vortex merger is slower
than the purely barotropic process. The barotropic
process produces a single vortex merger structure after
S days while the baroclinic case fuses completely at
day 8.
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o The fusion process can produce three new isolated
structures with respect to the initial condition: a vortex
merger, secondary vortices detaching from the fila-
menting arms, and near-field vortices. Near-field vor-
tices form naturally in totally or highly barotropic sys-
tems and they can couple with the secondary vortices
forming dipoles. In baroclinic systems near-field vor-
tices are weak if not suppressed. The secondary vortices
are strongest in the baroclinic cases and they develop
easily into monopoles.

e The merging process is shown to occur in two
phases: the first corresponds to the clove shaping of
the vorticity front of the vortices and the second consists
of the sliding of the remaining vorticity core intrusions.
Diffusive mixing of the vorticity cores occurs during
both phases, producing the final fusion of the inter-
acting vortices. The fusion seems then to be associated
with an “internal” horizontal vorticity redistribution
process or mixing.

e The I'? value increase in Eq. (1), corresponding
to a smaller first Rossby radius of deformation of the
system, produces slower merging during the first phase
of merging, but the final result is similar to the standard
baroclinic case. We call this mechanism a “saturation”
effect that occurs if we decrease the Rossby radius of
deformation of the system over a certain limit.

e The I'? value decrease, corresponding to a larger
first Rossby radius of deformation of the system, speeds
up the process of merging, thus producing an irreduc-
ible final distribution of vortices with respect to the
higher I'? cases.

e Shallow vortices merge more slowly than deep
ones for fixed environmental parameters. There is an
almost perfect analogy between the behavior of shal-
lower vortices embedded in a large Rossby radius of
deformation environment and deeper vortices sur-
rounded by a small Rossby radius of deformation en-
vironment.

e In a baroclinic environment and for fixed initial
separation distance of the vortices there is the possibility
of a metastable merging; for example, the forming
merger vortex splits into two new vortices due to a
weaker interaction of the sliding vorticity core intru-
sions.

e The EVA of the merging process has shown that
the triggering mechanism resides in the advection of
the relative vorticity term and the growth of asym-
metries in the horizontal divergence of the pressure
work term. Alternatively, we can say that a horizontal
energy redistribution process triggers a baroclinic con-
version mechanism of K into A4 of the initial vortices
system. This conversion occurs in the position of the
formation of near-field vortices and occurs very rapidly
at the beginning of the merging process. The second
phase of merging is, instead, triggered by a baroclinic
energy conversion of 4 into K and a horizontal energy
transport via AFy, which induces a strong interaction
between the sliding cores. Metastable merging occurs
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because the AF, term depletes the area of A4 that is not
efficiently converted to K during the second phase of
merging.

Our study seems to indicate that the process of
merging is associated with an “internal” vorticity mix-
ing. This internal vorticity ‘“‘mixing” corresponds in
our model to a horizontal kinetic energy redistribution
process, which in turn triggers an inverse baroclinic
cascade during the first phase of merging. Hogg and
Stommel (1985) and Griffiths and Hopfinger (1987)
also speculated that merging should increase the 4 of
the final vortex. In our case we show that the A increase
is occurring during the merging process in the region
“external” to the initial vorticity cores. The final phase
of merging consists of another “internal” mixing pro-
cess occurring via the sliding of the vorticity core in-
trusions.

This study shows that the merging can be halted by
baroclinic effects. The latter also alter the final merger
and secondary vortice configuration with respect to the
purely barotropic case. Care should be taken to ex-
trapolate our results directly into the more general
framework of PE dynamics as shown by Cushman-
Roisin and Tang ( 1990) for the case of a reduced-grav-
ity model. Future research issues involve the study of
these effects in a statistically interacting field of vortices.
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