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ABSTRACT

This paper addresses the tendency for an eastward-propagating modon to form from a mesoscale eddy
which has an inclined vertical axis and different senses of rotation in the upper and deep oceans. This
scenario, which has been observed in nature (McCartney et al., 1978; Savchenko ez al., 1978), is modeled
in a two-layer ocean by placing a cyclonic eddy in the upper ocean, and an anticyclonic eddy in the deep
ocean; these two eddies have centers which are horizontally separated. Inferences about the tendency for
modongenesis are made from analytical quasigeostrophic calculations and numerical primitive equation
computations. Numerical experiments have been performed using radial velocity distributions oc r exp(—r?/
2L?) in each layer. These results not only corroborate the analytical early-time inferences but expand the
parameter range for which modongenesis occurs.

If the upper ocean vortex is cyclonic and lies due north of the deep ocean anticyclonic gyre, modongenesis
occurs when the vortex centers are separated by <(1.5-2.0)L. But if the deep ocean anticyclonic vortex is
due north of the cyclonic one, modongenesis ensues when the separation is <L/3. The maximum separation
at which modongenesis can occur varies continuously between these two extremes as the line of vortex
centers is rotated from one configuration to the other. The modons so formed possess a barotropic core
(Larichev and Reznik, 1976), and support superposed barotropic and baroclinic vortices (Stern, 1975; Flier!
et al., 1980); the propagation speeds, length scales and strengths of the resulting modons are examined in
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the light of these steady state theories.

1. Introduction

A great deal of effort has been devoted over the
previous decade toward finding isolated mesoscale
current systems which propagate with little or no
change of form for long periods of time. One con-
spicuously successful line of research was initiated
by Stern (1975) who used the term modon to des-
ignate an isolated barotropic current system consist-
ing, in its simplest form, of a vortex pair with their
centers at different latitudes but at the same longi-
tude. Stern sought a steady, nonpropagating quasi-
geostrophic solution with the shapes and strengths
of the two gyres adjusted so that the 8-induced west-
ward propagation tendency exactly canceled their
mutual advection toward the east. He also noted that
an axisymmetric vortex could be superimposed on
his modon solution without altering the dynamics of
the basic vortex pair. Flierl (1976) extended this con-
cept to include a superposed baroclinic vortex in an
ocean with continuous stratification. Larichev and
Reznik (1976) showed that a barotropic modon could
propagate toward the east as well as the west and
indicated the conditions under which it could do so.
More recently, Flierl er al. (1980) have unified the
above theories to include modon propagation in a
two-layer ocean. Although they discuss both east-

ward- and westward-propagating current systems,
we shall concentrate in this study only upon one of
the former varieties.

Of particular interest to the oceanographer is the
question of viable mechanisms for the. birth of mo-
dons. A significant first step has been made in this
direction by Flierl (1976) who suggested that a pure
baroclinic eddy would evolve in such a way as to spin
up a barotropic modon. This idea was subsequently
tested by McWilliams and Flierl (1979) using a two-
layer quasigeostrophic numerical model and was in-
deed found to be a valid mechanism for modongen-
esis. One cannot ignore the potential geophysical im-
portance of this process to ring evolution because of
the wide range of relative strengths of the barotropic
and first baroclinic modes found at different points
along the Gulf Stream.

An equally interesting situation with respect to
modon formation, however, may be that in which an
eddy with a large first mode baroclinic component
undergoes a tilting of its axis. We are interested in
this configuration because a simple modal decom-
position of such a configuration reveals two counter-
rotating barotropic gyres, a flow superficially similar
to the pure modon core of Larichev and Reznik. A
clear example of this may be seen in the initial
barotropic pressure distribution in Fig. 6 of this paper
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which results when an upper ocean and deep ocean
gyre do not share a common vertical axis (Figs.
4, 5).

And indeed, examples of tilted-axis eddies may be
found in the literature. McCartney et al. (1978) have
reported a survey of a large ring in the Northwestern
Sargasso Sea in which the velocities above a depth
of 2000 m are cyclonic, while those in the deep ocean
are anticyclonic. The axis of zero current is skewed
~45 km laterally (estimated from their Fig. 15) over
a 5 km depth along a northeast-southwest section.
Aided by XBT (expendable bathythermograph), hy-
drographic, and current-meter data, Savchenko et

al. (1978) construct a picture of an Antarctic Cir- |

cumpolar Current eddy whose cyclonic upper-ocean
flow lies somewhat to the east of the associated an-
ticyclonic flow in the deep ocean. These observations
are of eddies associated with different current sys-
tems, but are of special interest to this paper as they
deal with tilted axis vortices having a deep-ocean
current structure that rotates counter to that in the
upper ocean. Motivated by these observations, we
seek to address this question: under what circum-
stances could an initially baroclinic eddy, in which
the axis is subsequently tilted, give rise to a readily
identifiable eastward-propagating modon?

To answer this question, we employ analytical cal-
culations for small time to yield results which may
shed some light on the viability of different config-
urations of the tilted-axis scenario to give birth to
a modon. The conclusions reached through these
early-time calculations are supported by a number
of numerical simulations using a primitive equation,
two-layer model on a 8-plane. We find that in some
instances, a modon does not result, but that many
situations do indeed lead to modongenesis.

Once generated, the modon changes as it propa-
gates, and a subordinate goal of this work is to ex-
amine the state to which it evolves. In the latter por-
tion of this paper then, we examine the relation of
the physical quantities of the modon (sizes, shapes,
and speeds) with respect to the steady state theory.
We observe that in general, the vortex structure
evolves toward a modon state, but is frequently ob-

aB J\(kr) B+ U
[?— Jka) &
VYer =
_ UaK\[(8/U)'/’r]
Kl[(ﬂ/U)l/za]

Larichev and Reznik
modon

and the attached baroclinic vortex is written
{AJ()((X") + p/az,
BK()(’Y"),

r<a
BC (2.2)
r>a
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served to break up before equilibrating to the steady,
eastward propagating ideal.

2. Preliminary considerations

The theory of the steady, eastward and westward
propagating modon has been unified by Flierl ez al.
(1980), who have discovered an interesting number
of variations of the basic modon concept. The variety
of solutions available, however, and the coricomitant
difficulty in.discerning qualitatively similar species,
pose a potential problem in evaluating the experi-
mental results. Led by appearance of the flows when
decomposed into their barotropic and baroclinic
modes, however, we choose for the simple modon
model a barotropic core (the twin-gyre flow of Lar-
ichev and Reznik) with axisymmetric barotropic and
baroclinic riders (the attached vortices of Flierl et
al. (1980) which do not alter the dynamics of the
barotropic core). We find that modon speeds and
length scales are represented reasonably well. It is
useful, for the purpose of this paper, to sketch the
appropriate modon theory.

The equations for the barotropic (¥gr) and baro-
clinic (Ypc) modes in a two-layer system can be
shown to admit time-independent first integrals with
the assumption of steady zonal translation with speed
U. Stern (1975) was the first to argue that such a
flow must contain an interior region (radius = (x>
+ y»)'/? = r < @) and an exterior region (» > a). One
class of first integrals may thus be written

2 K
Visr + o Var

- —I:B + (;DUJ)/ (;) rsa,

[ e
BC p2 d BC 0 >

where u, v, k and p are constants and Ry is the internal
radius of deformation. Solutions may be written in
polar coordinates (r, 8) using Bessel and modified
Bessel functions (Jo, J, and K, K, respectively) and
circular trigonometric functions. The barotropic so-
lution is given in terms of the constants C and D by

rs a,

r:l sinf + v/k* + CJlo(kr), r<a

(2.1
DK[(8/U)'/?r], r>a
Flierl, Larichev, McWilliams
and Reznik barotropic rider
where 4 and B are constants and a = («*
- RV vy = (=p* + RD_Z)I/Z, and p? =‘_5/U-

The restriction that [¢],-, = [d¢/dr],—, = O (Lari-
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chev and Reznik, 1976) has been used by Flierl er
al. (1980) to obtain dispersion relations for both
baroclinic and barotropic parts. To this, we also add
the intuitively appealing assertion that [V¥ucl,-,
= 0 with the expectation that smaller-scale processes
will ultimately smooth vorticity discontinuities. These
three conditions lead to a dispersion relation for the
baroclinic rider

Jo(aa) - Ko(va) 1/
aJ(aa) —vKi(ya) O =0,
aZJ'l(aa) — ‘YZK'l(’ya) 0
or
Ji(aa) K(ya) _
R A

which may be solved with the Larichev and Reznik
dispersion relation

Jolax) -
(ax)Jy(ax)

Kz[(,B/U)l/za] _
[(B/U)l/za]Kl[(B/U)l/za] 0. (24)

These roots are displayed in Table 1, along with other
relevant barotropic modon quantities. The dispersion
relation showing U/BRj as a function of a/ R, is con-
tained in Section 5. When the restriction that the
vorticity of the barotropic rider be continuous at r
= a is also enforced, we obtain after similar manip-
ulation

Ji(ax)
(ax)Jo(ax)

K\[(8/U)'*a]
[(B/U)'?alKo[(B/U)'a]

Solutions to the system (2.4, 2.5) do not exist. Con-
sequently, the barotropic flow, if it contains a rider,

=0. (2.5)
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will not have a vorticity profile which is smooth; dis-
continuities in V%5 must exist.

3. Early stages of modon formation
a. The governing equation

We model a baroclinic eddy with inclined axis by
using an initially circular upper-ocean gyre and a
circular deep-ocean gyre whose centers are displaced
by a large horizontal distance. As we remarked in
the introduction, the inclined axis eddy model de-
scribed above can be seen to have a barotropic flow
comprised of two counter-rotating gyres. Analysis of
the experimental data indicates that this is indeed
the case; and, moreover, axisymmetric barotropic
and baroclinic riders appear to be present. Because
the barotropic Larichev and Reznik core is the sine
qua non for the riders, we are concerned with the
conditions under which these equal strength baro-
tropic gyres can form.

The quasigeostrophic barotropic equation for cou-
pled barotropic/baroclinic flows is

d Msr ., 0War, Viar)
— Vg + +
at Var dx M a(x, y)
2
e Vs _ oy
a(x, y)
where

Yz = barotropic streamfunction,

Yse = baroclinic streamfunction,
¥, = upper layer streamfunction,
Y, = deep ocean streamfunction,

x, y = east, north,

H, = upper ocean depth,

TABLE 1. The relationship of modon parameters when the condition [V*}c],-, = O is enforced upon the baroclinic rider solution of
Flierl et al. (1980). 2/, is the distance between the extrema in barotropic core pressure, Aypr is twice the maximum barotropic core

pressure (2 X max ypr), and Ry is the deformation radius.

a/R, U/ﬁRg ak KU)/Z/ﬁ”2 «lgr lpr/ R4 AWBT/.BR?i
3.375 0.002 5.069 0.067 2.005 1.3347 —6.345
3.325 0.009 4.994 0.143 2.006 1.3355 —6.405
3.275 0.021 4919 0.220 2.008 1.3368 —6.512
3.225 0.040 4.845 0.300 2.011 1.3385 —6.667
3.175 0.065 4.772 0.382 2.015 1.341 —6.879
3.125 0.098 4.699 0.469 2.020 1.343 —7.154
3.075 0.140 4.630 0.562 2.026 1.346 —17.505
3.025 0.193 4.556 0.662 2.033 1.350 —7.948
2.975 0.262 4.486 0.772 2.041 1.354 —8.506
2.925 0.350 4.417 0.894 2.051 1.358 -9.212
2.875 0.465 4.350 1.032 2.062 1.363 ~10.114
2.825 0.617 4.284 1.191 2.075 1.368 ~11.290
2.775 0.823 4.219 1.380 2.090 1.374 —12.857
2.725 1.115 4.157 1.610 2.107 1.381 —15.026
2.675 1.547 4.095 1.904 2.128 1.390 ~18.182
2.625 2.240 4.036 2.301 2.153 1.400 ~23.125
2.575 3.491 3.979 2.887 2.183 1.413 —31.832
2.525 6.286 3.924 3.896 2.222 1.430 —50.799
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H, = deep ocean depth,

R = (Hy/H))'*,

L = length scale of motion (radius from center
of each vortex to its position of maximum
current),

Vy = characteristic velocity,

=V sL2.

The upper and deep ocean flows may be written in
terms of the normal modes (Flierl, 1978) as

Y1 = Yar + Rise

1
Yy = Ypr — E Vs

i

(3.2)

The streamfunctions, distances, and time have been
nondimensionalized by V,L, L and (BL)"}, respec-
tively.

Adem (1956) has used a power series in time to
predict the translation tendency of barotropic at-
mospheric vortices, and McWilliams and Flierl
(1979) have used it to great advantage in their work
on mixed barotropic/baroclinic vortices. We may use
this technique to make similar predictions regarding
the more complicated twin-vortex configurations in
the present work. For small times [dimensional time
< (BL)'], we write

Yor ~ Vo +¥nt +ypt? + .-,

¥ec ~ VYoo + Yol +¥et® + -

where ¥y and Y are the barotropic and baroclinic
vortex configurations at £ = 0. To O(t°) then, we see
that

0
: Vzl//n = _[a Y7o

(Yo, V¥ro)
* M[ a(x, y)

a(x. ) . (33)
If initially, -

Y, = A exp

—(x = X0)* = (¥ = »0)’}/2 = Ae_

[—(x = xo) _(y yo)’l/ e (3.4
¥, = Bexp

[—(x + x0)> = (¥ + y0)’1/2 = Be,

then (3.2) yields

_ Ae_+ BR%, and
e 1+ R?

R(Ade. — Be,)

[+ R} (3.5a,b)

Yoo =
Substitution of (3.52a,b) into (3.3) reveals that the

first correction to the initial conditions is governed
by
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3
Vopy = — —
1251 ax Y70

010, V¥ro) _
a(x, y)
_ +A(x ~ xp)e_ + B(x + x0)R%.,
- 1+ R

Yo, Vo)
a(x, y)

16 ABR*M
(1 + R?)?

_,2 2

(xx0 + yyo)(xoy — xy0)e o, (3.6)

where r* = x* + y* and r3 = x} + y2. The first term

‘on the right-hand side is simply the linear propa-

gation/dispersion of the vortex pair. The second term
represents the advection of one vortex by the baro-
tropic and baroclinic currents in the other. Because
each eddy is circular, the self advection terms [of
the form d(e,, V2, )/d(x, y)] vanish, but one vortex
may influence the other. Moreover, the strength of
this interaction is dependent upon the product of
their individual strengths (A, B) and decreases rap-
idly as their separation distance (~2r,) increases.

b. The propagation/dispersion solution

We note that because the Laplacian is invariant
under the transformation

Xt Xo— X,
yi‘)’o""y»

the formidable propagation/dispersion part of (3.6)
for the vortex pair may be reduced to a simple ca-
nonical equation. Thus,

V¢ = Cxe "/,
where

{A /(1 + R?) for the northern vortex
BR?/(1 + R*) for the southern vortex .

We define the Fourier transform as
+w +o0
ok, 1) = f o(x, y)e M dxdy.

Taking advantage of symmetry properties of the in-
tegrand, we may write [Erdelyi (1954; Section
2.4(19), 1.4(11)]

. —2nCike /2

YT err

and then

f

_ —i(kx+1y)
¢ = (2r )zf f #(k, De dkdl.

Now we define ® such that ¢ = ®/dx; thus,
+00 J-+cx> —(k2+lz)/2

o ¢kl



MARCH 1982 RICHARD P. MIED AND

In polar coordinates,

fee 2w
<1>'=27rcf f ¢
[4] 0

where cos a = (k, [)-(x, y)/llpl-IrI and p = (k?
+ 1?)'2, so that

2
® = 2xC on dp e P2 f ) e iresady
b o o

=wae
0

(by Abromowitz and Stegun, 1965; Section 9.1.21).
Then

_p2/2
e ter cosadpda’

—p?/2

Jo(pr )dp

¢ =0®/0x = ~Cf ‘)Ee_ﬂz/le(pr)dp
A .

xV2w
== Ce™"/*1, ;5(r*]4),

where I; is a modified Bessel function. Therefore,

- 1),

_ (e—rz/Z

#(x, y) =
which gives the propagation /dispersion behavior of
Y7 for a single vortex.

¢. The mutual advection solution

We may solve the advection portion of (3.6) in a
similar fashion. It is convenient to rotate the coor-
dinate system so that the vortex centers lie on the
x' axis of the new system (x/, y’). Thus,

, 1
X = x cos + y sind = py (xx0 + yyo),
0

. 1
Y = —xsinf + y cosb = - (yxo — xv0),
0

where (xo, y0)/r0 = (cosh, sinf) and 13 = x5 + y3.
Dropping primes and expressing the advection part
in the rotated frame, we see that our canonical equa-
tion becomes

Vi = cxye ",
where
16 ABR*M 2
c=+ (—lm rﬁe 0,

We obtain ¢ much as before, and invert the trans-
form to obtain ¢:

oo wklc
¢ = o )2f fm 40 + 1%

X e_‘kz/“6—12/4e—i(kx+ly)dkdf.

Again, it is convenient to define
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(x, y)
+oo  ptoo (e—kz/o.)e—ﬂ/«t oty
e "Tdkdl,
T 16m f f YD
so that ¢ = 3°®/dxdy. We may express this in polar
coordinates:

e 92/4

ipr cosadpda

- 161rf fh

Then

w© ,—p%/4
c e Jolpr) d
8 0 P

cx *° _ X _p
avfox = + 5 f e (or)dp= oo €L P2)
so that

Xy _2 Xy, _a
_ RACANNPS o & < re o __ 1 .
¢=c 42 ¢ + 4r* (e ):‘
The solution of (3.6) is then given by
A (x — x)
¥n = 5

1+ R [(x — xo)* + (¥ — yo)’]
X {e—[(X~xo)2+(y—yo)2]/2 — 1}
BR? (x + xo)
1+ R [(x + x0)* + (¥ + y)*]
X {e~[(X+XO)2+(y+,Vo)7']/2 - ]}

4ABR*M (xxo + yyo)(xoy —
(1+ R?)? (x* + y?)

+

XYo) o3+

e P

x2+y? (.7

X {e‘("zﬂz) +
The positions of x, and y, may be specified to give
not only an initial separation of the two vortices
[defined to be 2r, = 2(x5 + y3)'/?], but the angle of
inclination (&) of their centers with respect to north.
These two parameters, along with vortex strengths
(4, B) and ratio of layer heights R (=H,/H,)"/> have
a bearing upon whether a modon will be formed from
a baroclinic vortex with an inclined axis. Although
all parameters are of interest, we fix R?> = 4000 m/
1000 m = 4 for this study and vary «, and the sep-
aration distance 2r,. The relative magnitudes of these
parameters then determine whether the propagation/
dispersion terms (first two in 3.7) will dominate the
mutual advection term (last one on right), at least
initially. A net eastward motion prevents the im-
mediate dispersal of the energy toward the west, and
allows the higher-order terms further opportunity for
modongenesis.

d. Examples of early-time behavior

Using (3.7), we may now predict the vortex motion
for small time. An approximation to the barotropic
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TABLE 2. Synopsis of experiments in which cyclonic speeds are
positive, and anticyclonic ones negative. The separation distance
is defined as 2(x3 + y3)'/%. The angle of inclination « is zero when
the center of the upper ocean vortex is due north of that of the
deep ocean vortex. a increases in a counterclockwise fashion. Ex-
periments 38-43 are of 100 days duration; all others last 150 days.

Experi- U, U, Separation
ment (cms™') (cms™Y) o (km) modon?
12 100 ~25 — 0 yes
21 ~100 25 — 0 yes
22 100 ~30 0° 80 yes
23 100 -30 0° 160 no
25 100 -25 180 80 no
26 100 ~25 +90° 80 no
27 100 -25 +45 84.9 yes
38 100 -25 -90 40 yes
39 100 -25 —90 20 yes
40 100 ~-25 —45 56.6 yes
41 100 -25 +135 56.6 no
42 100 ~25 180 20 yes
43 100 ~25 —45 141.4 no -

stream function (Y- ~ Yo + ¥5if) may be con-
structed and superimposed upon that for 1 = 0.0. If
we choose A4 and B to correspond to the fixed upper
and deep ocean velocities in this work (100 and —25
cm s™'; see Table 2), then « and the separation dis-
tance may be varied to examine their effect upon
modongenesis.

The positions of the gyre centers for ¢ > 0 relative
to their locations at # = 0 will indicate an initial
eastward (modongenesis) or westward motion (vor-
tex separation). However, these results must be taken
as suggestive of, rather than indicative of actual vor-
tex motion. There are two reasons for this. The first
is that although the Rossby number is not large', the
numerical experiments frequently exhibit interface
elevations of ~350 m. As this is a significant fraction
of the rest height H, = 1000 m, we expect that in-
ferences from quasigeostrophic calculations may dif-
fer in detail from those of the primitive equation
numerical model. The second reason is that the early-
time model really only addresses initial tendencies
of vortex pair evolution. Terms of higher order in ¢
are frequently important; in fact, we shall document
a case in Section 4.b (EXP 42) which is quite in-
teresting. The analytical calculations would not sug-
gest modongenesis, but the numerical experiments
clearly show that a modon does indeed result. In spite
of these two points, we feel that these analytical cal-
culations can be instructive, particularly when used
with the numerical experiments.

In Fig. 1, we show a matrix of calculations in which
contours of ¥ at 1 = 0.5 (4.83 days for this study;
see Section 4.a) and Y7 at £ = 0.0 are shown as solid

.

" The Rossby number. V,/fol = 10? cm s™'/(7.3 X 107° s7')
(6 X 10° cm) = 0.23.
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and dashed lines respectively. The nondimensional-
ized separation distance 2r, = 2(x3 + y3)'/? and the
inclination angle « are varied, and the results differ
significantly, one from another. For a = 0.0°, there
is virtually no advection tendency when 2r, = 0.5,
but a significant eastward propagation tendency ex-
ists for 2r, = 1.5. When 2r, is increased to 3.0, this
effect again becomes negligible. For distances greater
than this, the mutual eastward advection term in 3.7
is incapable of overcoming the westward-directed
propagation /dispersion effect. This change of be-
havior with increasing r, occurs because the mutual
advection part of the stream function is a strong func-
tion of ro, behaving as r3e™"3.

Increasing « from zero is almost as effective as
large vortex separation in ameliorating the mutual
advection tendency. Although the mutual advection
tendency is independent of «, its direction is perpen-
dicular to the line of vortex centers. Thus, as |a| 1
90°, less of this advection is directed eastward to
oppose the beta-caused propagation /dispersion to the
west. Vortex separation thus ensues. For constant r,
it is seen (Fig. 1) that as « is increased, a point is
reached where modongenesis is impossible. The val-
ues of « and ry thus work in concert to cause either
modongenesis or vortex dispersion. A necessary con-
dition for a modon to form is that 2r, < 1.5 when
«a = 0.0; this requisite value of 2r, decreases to 0.0
(for this linear analysis) as |a| T 90.0°.

These inferences are supported fairly well by the
results of the numerical experiments. The informa-
tion contained in Table 2 is presented more graph-
ically in Fig. 2. The deep ocean vortex is located at
the origin of the polar plot, and the dot and exper-
iment number are located at the center of the point
(2ry, @). The region inside the closed curve marked
with cross hatching is the region of parameter space
where modongenesis occurs; no modons are formed
in the exterior region. The two areas are separated
by a cross-hatched line because this boundary is
known only approximately, having been drawn in
accordance with the behavior of the numerical ex-
periments. Nevertheless, we do observe that when
a = 0.0, the boundary lies at 2r, ~ 2.0. As |a| T 90°,
the boundary occurs at smaller separations (2r;). We
expect that for 2r, < 1, modongenesis (for any a)
is governed by the nonlinear mechanism of Mc-
Williams and Flierl (1979), and this accounts for the
observed modon formation even when |a} = 90°. EXP
42 is an interesting variant of this process that will
be discussed in Section 4.b.

4. Experimental simulations

In Section 3, we investigated the initial tendencies
of the quasigeostrophic barotropic flow for paired
vortices as the relative positions of their centers are
varied. While these calculations give an indication
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INCLINATION ANGLE o« (DEGREES)

SEPARATION 2 r, (NONDIMENSIONAL)

FiG. 1. Contours of constant ¥y + Y77 (solid lines) and Yy (dashed lines) for £ = 0.5 (4.83 days in this work). The nondimensional
distance ro = 1 (60 km here) is shown in the top left and the separation distance (2r,) and inclination angle « are defined. 8 = 2
X107 em™ 57, ¥V, = 100 cm 5™, s0 A = —¢'/2, B = 0.25¢!/2, and M = 13.89. Contour intervals are 0.02 for the case 2ry = 0.5, and

0.06 for the cases 2r, = 1.5, 3.0.

of what will happen in the short-term evolution of
the flow, they are incapable of giving details for much
longer times. To obtain this information, we employ
numerical simulations.

a. Details of the model

For these simulations, we employ a depth-aver-
aged primitive equation two-layer beta-plane model
with a flat bottom and rigid lid (Holland and Lin,

1975). The initial flow and interface displacement
are presumed to be geostrophically balanced at ¢
= 0, so that the vortex evolution is thus an initial
value problem for which integration is performed in
a 1000 km square box. As the use of this model has
been thoroughly documented in a similar study
(Mied and Lindemann, 1979), no details are given
here. It is important to point out that the proximity
of the walls does contaminate the observed pressures
as well as the measured speeds of the resulting mo-
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F1G. 2. The modongenesis parameter range in the (2ry, ) polar
plane is contained inside the cross-hatched loop. Vortex separation
occurs elsewhere. The position of each experiment and its number
is given.

dons. From Mied and Lindemann (1979), we do
know that the pressure in the center of an evolving
eddy in these experiments is unaffected by wall-re-
flected waves for the first 25 days. The experiments
for this paper are of 100150 days duration however,
because we feel that the conclusions reached are
qualitatively unaltered by the presence or absence
of lateral boundaries. In fact our results indicate that
for t = 25 days the pressures outside the eddies at
a fixed point in the box show fluctuations which are
at most 15% of the central eddy pressures with which
we are concerned.
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The parameters which are considered fixed in this
study are

H, = upper ocean depth = 1000 m
H, = deep ocean depth = 4000 m
g’ = reduced gravity = 2 cm 572
fo=73%X10"5¢"!
B=2%X10"cm!s!

1 (g’H,Hz )‘/2
R,=—(2~2] =548km
7 fo\H\ + H,
L = 60 km.

The coefficient of lateral viscosity is fixed to be 2.5
X 10° cm? s7! and V?u damping is employed. When
pressures are quoted in the results, their units are
expressed as m? s™? because the actual pressures have
been divided by a Boussinesq density.

We remind the reader that the numerical calcu-
lations employ a rigid-lid primitive-equation model,
but that the analytical work of Sections 2 and 3 use
the rigid lid quasigeostrophic equations. Both of
these rigid-lid formulations exclude the rapid west-
ward-propagating barotropic modons of Larichev
and Reznik (1976). Moreover, the differences in the
two types of model equations used are probably re-
sponsible for some of the slight differences noted
between the numerical and analytical results.

b. The numerical experiments

Our objective is to obtain information about the
long term (time = 1/BL = 9.65 days) evolution of
the eddy configurations shown in Table 2. For the
sake of limiting the simulations to a manageable
number, we have kept the upper and deep ocean ve-
locities to be 100 and 25 cm s™' (occasionally 30),
respectively. It is useful to group these experiments
into classes and discuss them in the light of the results
of Section 3. Because experiments 12 and 21 spin up

modons by a slightly different mechanism (Mc-

Williams and Flierl, 1979) than that embodied in the
physics described in Section 3; they will not be dis-

EXP 22
w

e N

—_—

=

EXP 23

O~ BAROTROPIC MAX.
O- BAROTROPIC MIN.

}~100 km—=|

F1G. 3. The trajectories of the barotropic pressure extrema for EXP 22 (150 days) and EXP 23 (50 days).
Symbols are placed at day 0 and on every succeeding tenth day.
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cussed here, although the data from them is exam-
ined in Section 5. All of the remaining experiments,
however, vary either the angle of inclination (a) of
the eddy centers with respect to north, or the hori-
zontal separation distance between the upper ocean
and the lower ocean vortices.

The case a = 0.0° is represented by EXPs 22 and
23, which have gyre separation distances of 80 and
160 km (2r, = 1.33 and 2.67), respectively. From
Section 3, we expect that in this & = 0.0° case only
the lesser of these two separation distances should
result in modongenesis, and the numerical experi-
ments exhibit the expected behavior. In Fig. 3, we
show the trajectories of the two barotropic pressure
extrema for these two experiments and the differ-
ences are striking. EXP 22 shows a predominantly
eastward propagation of the vortex pair. EXP 23
exhibits markedly different behavior. In this exper-
iment, the vortices separate, with the cyclonic one
propagating northwest and the anticyclonic one trav-
eling southwest as expected. It is illuminating to ex-
amine the details of EXPs 22 and 23 because many
of them are shared by other modongenesis experi-
ments. In later discussing these others, only obser-
vations peculiar to those experiments need then be
displayed. Furthermore, because the barotropic part
of the flow is so crucial to the modon’s existence, we
shall be able to concentrate exclusively on this de-
scription below.

In Figs. 4, 5 the evolution of the flows in the upper

I DAY 0 DAY 50

1 |

F1G. 4. Upper ocean pressure (P,) for days 0, 50, 100, 150 for
EXP 22. The upper ocean gyre is 80 km north of that in the deep
ocean (shown in Fig. 6). Contour code: short-dashed line, P, < 0;
long-dashed line, P, = 0; and solid line, P, > 0. Contour interval
= 0.9 m? 5”2 The numerical simulation box is 1000 km square.
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DAY 0 DAY 50

DAY 100

FIG. 5. Deep ocean pressure (P,) for days 0, 50, 100, and 150
for EXP 22. Contour code as in Fig. 4; contour interval = 0.2 m?
572 The computational domain is 1000 km square.

and lower ocean for EXP 22 are shown. The distor-
tion of the constant pressure lines (equivalent to
streamlines in the quasigeostrophic approximation)
is apparent in the deep ocean. More informative,
however, are the barotropic pressure contours Pz for
the same times (Fig. 6). In Section 3, we noted a

DAY 50

DAYO |, >~

/ f /
/‘—\\ ’,_/
(C N \ M\ (
) / IR | \ i

F1G. 6. Barotropic pressure (Pjy) for days 0, 50, 100 and 150
for EXP 22. Contour code as in Fig. 4; contour interval = 0.3 m?
s72 The box is 1000 km square.
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DAY 0

F1G. 7. Baroclinic pressure (Pgc) for days 0, 50, 100, and 150
for EXP 22. Contour code as in Fig. 4; contour interval = 0.4 m?
s™2 The only positive contour level = 0.12 m? s™2. The box is 1000
km square.

strong tendency toward modongenesis in this case
and this is observed in this figure. On day 0, we see
a rather weak twin-vortex structure which becomes
intensified considerably by day 50 and propagates
- east. The slight counter-clockwise rotation of the line
of vortex centers at this time may be viewed alter-
nately as a higher-order effect (in the 7 expansion)
or as the advection of the barotropic modon core by
the cyclonic barotropic rider, which grows in inten-
sity for the first few tens of days (discussed in Section
5). Evidence of this low pressure vortex may be seen
in Fig. 6 from days 50-150 because its presence en-
hances the low pressure already present in the north-
ern cyclonic eddy and offsets that in the southern
anticyclonic one. Thus, the northern gyre is more
intense than the southern one.
The baroclinic flow (Fig. 7) never attains the cir-
cular symmetry dictated by the equilibrium theory
(Section 2). Moreover, the southern portion of the

flow has become markedly distorted by day 150 be- -

cause the barotropic modon core is dispersing (dis-
cussed in Section 5). The related subtle question of
when the behavior of any vortex pair is that of a
modon is dealt with in Section 5 of this paper.

In rather sharp contrast to the behavior of EXP
22, the initial eddy configuration in EXP 23 does not
exhibit any tendency to evolve into a mixed baro-
tropic/baroclinic modon. The centers of the eddies
in EXP 23 are initially separated by 160 km as op-
posed to the 80 km separation used in EXP 22. As
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discussed in Section 3, this is simply too great a dis-
tance for the mutual advective effect to offset the
westward §-tendency, and the upper- and deep-ocean
gyres propagate essentially independently of one an-
other. The contours of constant barotropic pressure
at day 50 are shown in Fig. 8, and the latitudinal
compression characteristic of a barotropic modon is
absent. Moreover, we note that each vortex possesses
a configuration-at least qualitatively consistent with
the temporal evolution of a vortex of the appropriate
sign (Mied and Lindemann, 1979). In particular, the
characteristic dispersing wake can be seen behind
each eddy. And finally, the trajectories of the north-
ern (cyclonic) and southern (anticyclonic) vortices
(Fig. 3) are consistent with our expectations based
upon simple arguments invoking conservation of po-
tential vorticity.

The cases in which |a| # 0.0° are interesting be-
cause of the richness of the interaction which can
occur between the vortices as the pair evolves to-
gether. For |a] = 45.0°, we have performed EXPs
40, 27, and 43 (Table 2) which correspond to 2r,
= 0.94, 1.41 and 2.36, respectively. From Fig. 1, we
might predict that EXP 40 would probably result in
a modon, 43 definitely would not, while 27 may lead
to modongenesis. In Tact, inferences from the small
time calculations of Section 3 are surprisingly ac-
curate in this case. In Fig. 9, we show the trajectories
of the barotropic pressure maxima and minima for
these three experiments, and the results are closely
related to our predictions. The 2ry = 0.94 case (EXP
40) is initiated with gyre centers located so that «
= —45.0°. The northern barotropic part propagates
initially westward, but is soon advected eastward,
and the southern eddy moves even more rapidly east-

FI1G. 8. Map of P, on day 50 for EXP 23. Contour code as in
Fig. 4. Contour interval = 0.3 m? s2 Largest-valued positive con-
tour level = 1.1 m? s72. The box is 1000 km square.
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EXP 40 EXP 27
EXP 43

0O- BAROTROPIC MAX.
O~ BAROTROPIC MIN.

}=~100 km—=

FI1G. 9. Trajectories of barotropic pressure extrema for EXPs 40, 27, 43 (in order
of increasing r,) which are initialized with |a| = 45.0°. Symbols are placed at the
locations at day O and for every succeeding tenth day.

ward from the start. After less than twenty days
however, it has overtaken the anticyclonic northern
gyre and the pair then oscillate briefly about the «
= 0.0 configuration as they evolve together. This
apparently complicated trajectory belies the simplic-
ity of the motion which emerges clearly when pres-
sure contours are viewed. We exhibit these in Fig.
10 and the oscillation of the line of vortex centers
following the initial eastward overshoot of the south-
ern vortex is seen to slowly decrease in amplitude,
but to persist at least until day 100.

Our ambivalent feelings about the prospects for
modongenesis in EXP 27 (o = +45.0°) are confirmed
by the trajectories of the barotropic extrema (Fig.
9). We see that shortly after initiation, the line of
centers between the barotropic vortices rotates clock-
wise; by day 20, the vortex centers are located at a
common longitude. This rotation in fact continues
up to day 40, but the physical appearance of the
vortex pair (Fig. 11) at that time does not appear
to be that of a modon. In the next section, we shall
show that the vortex pair is in the modon state up
to about day 35. That is, the attached baroclinic
vortex propagates to the east and the speeds, inten-
sity, and dimensions of the twin-gyred structure
make it indisputably a modon, at least for a short
time.

The behavior of each of these two |a| = 45.0° cases
can be contrasted with the observations of EXP 43.

Unlike EXPs 40 and 27, no modon emerges because
2r, is simply too large. Detailed observations of the
motion of the barotropic vortex pair as well as the
baroclinic rider and other modon quantities (Section
5) indicate that modongenesis did not occur.

The remaining large-a cases, [a| = 90.0° (EXPs
26, 38, 39), a = —135.0° (EXP 41), and « = 180.0°
(EXPs 25, 42) differ only superficially and so may
be discussed together. While we do not expect mo-
dongenesis on the basis of the early-time calculations
in Section 3, only EXPs 25, 26 and 41 actually ex-
hibit vortex separation (Fig. 12). In the configura-
tions represented by EXPs 38 and 39, the eddies are
sufficiently close together (2r, = 0.67 and 0.33) and
properly aligned (a = —90.0°, see Fig. 2) that the
stronger (100 cm s™! cyclonic) eastern vortex advects

.the weaker (25 c¢cm s™! anticyclonic) western vortex

to the southeast. Having done so, their strengths then
assure modongenesis even though subsequent oscil-
lation (analogous to that in Figs. 9, 10 for EXP 40)
complicates the picture. The significant fact, how-
ever, is that the scenario a = —90.0° can result in
modongenesis. If the initial position of the vortices
were reversed (a = +90.0°), the more intense (cy-
clonic) eddy would advect the weaker (anticyclonic)
vortex to the north (a = 180.0°), and modongenesis
would not be possible. Even more experiments than
were done in this work would therefore probably re-
veal that the modongenesis boundary in Fig. 2 should
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be indented toward the origin (2ry, ) = (0, 0) as
a T +90.0°.

The sole remaining case, EXP 42, exhibits behav-
ior that is rather unexpected. In Fig. 13, we show
contours of constant Ppy for this o = 180.0° config-
uration. The stronger cyclonic vortex advects the
weaker northern one to the west, thus augmenting
its westward propagation tendency. By day 6, only
the more vigorous barotropic vortex and superposed
baroclinic part (not shown in this barotropic map)
are present. The baroclinic vortex is now unstable
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to modongenesis by the nonlinear mechanism of
McWilliams and Flierl (1979). Although the birth
of the modon does not correspond to the more fa-
miliar @ = 0.0° configuration, the interesting point
is that the low pressure barotropic eddy is retained
and a barotropic high emerges southeast of it.
These simulations not only reinforce many of the
conclusions of Section 3, but also greatly expand and
refine their scope. We have performed experiments
in which the inclination angle and separation dis-
tance have been varied, and modongenesis has re-

FIG.  10. Contours of Pgy for EXP 40 on day 0 and every tenth succeeding day. Contour code
as in Fig. 4. Contour interval = 0.25 m? s The box is 1000 km square.
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FIG. 11. Pgy contours of EXP 27 for days 0-40 in 5-day increments. Contour code
as in Fig. 4, and contour interval = 0.3 m? s™2. The box is 1000 km square.
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EXP 26 EXP 38 EXP 39
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e
gt S—
EXP 41 EXP 25
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F1G. 12. Trajectory of the extrema in the barotropic pressure of EXPs 26, 38, 39, 41, and 2S.
Data points denote position at day Q0 and every tenth day thereafter.
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sulted in a surprisingly large number of these cases.
In the next Section, we shall examine in detail how
well these modons are described by the theory of
Section 2.

5. Modon propagation

In this section, we examine the measured prop-
erties of the modons which result from EXPs 12, 21,
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22, 27, 38, 39, 40 and 42. Of particular interest are
the speeds, length scales, and magnitudes of these
eastward-propagating current systems. Because the
Larichev and Reznik core is the most essential part,
more attention will be devoted to the barotropic flow
properties than to those of the baroclinic flow.

In Section 4, we noted that some ambient noise
is present in the experiments and that its barotropic
component is larger than the baroclinic one. This

DAY O

1000 km

~
~)
_ '|
‘
. )
)/
L/
e
")
g
DAY 12 N oavul| . DAY 16
\
DAY 18 DAY 22

FiG. 13. Py; contours of EXP 42 on day 0 and on each succeeding second day. Contour code
as in Fig. 4. Contour interval = 0.125 m? s™2. The computational box is 1000 km square.
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FiG. 14. A collage of the eastward (+x) speed records U//8R5 of the modons in EXPs 12, 21, 22, 27, 38, 39, 40, and 42. The direction
of flow in the upper (1) and lower layers (2) is shown, as are the relative angular positions of the initial eddy locations.

contaminates the speed data by advecting the modon
with a time-dependent current and so masks the ac-
tual speed of the vortices. Moreover, the intensity of
the modon (hence its speed) changes as it propagates.
This is caused by its nonlinear evolution and the
gradual energy dissipation by viscosity.

By measuring the speed of the attached baroclinic
vortex over a ten day period centered on the day of
interest, we can obtain a record of the fluctuating
signal. These plots are shown in Fig. 14 and reveal
a great deal about modon propagation. Although
these speeds fluctuate a great deal, it is apparent
from all of the curves that after modongenesis has
occurred, there is a slow decrease in the eastward
propagation speed. We expect this because, as vis-
cosity acts to decrease the core pressure, the modon
travels slower. It may happen that this decrease in
" strength destroys the nonlinear balance essential to
the existence of a modon. When this happens (as in
EXPs 21, 22, 27), the two vortices separate and prop-
agate westward (U/BR? < 0) independently.

The question of strength? (maxyr/S8a®) required

2 Because the baroclinic deformation radius R, used to nondi-

for a Larichev and Reznik (1976) modon with given
gyre separation to propagate steadily eastward has
been approached by Flierl ez al. (1980). In the strict-
est sense, none of these simulations represent modons
which propagate steadily eastward with unchanging
magnitude. However, it is instructive to compare the
observed parameters with the limitations placed upon
them by the mathematical model. In Fig. 15, we show
the position of the eight modons of this paper on Fig.
11 of Flierl et al. The cross-hatched area is merely
the graphical representation of the information in
Table 3. It represents the observed mean /z;/a and
maxygr/Ba’, as well as the uncertainties in their
measurement. When the average lengths and baro-
tropic core pressures from Table 3 are examined, we
see that all but those of EXP 22 lie in the parameter
range permitted by the analytical theory. Neverthe-
less, the observed parameters do venture out of the
allowable area while the modon is actively evolving.
The implication of Fig. 15 is therefore that the
steady-state modon theory is only an approximate

mensionalize the equation in Section 3 is meaningless in this
barotropic context, the modon radius a is used.
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FI1G. 15. U/Ba” as a function of 1/a (after Flierl et al., 1980)
on which the position of the modons and measurement uncertain-
ties are shown. This information is contained in Table 3.

guide to what might be expected in an unsteady ex-
periment.

Not only in the measurement of translation veloc-
ities does a fluctuation appear, but also in other mea-
surable quantities as well. Table 3 shows speeds
(U/BRY), separation distances of the barotropic gyres
in the modon core (=2lgr/ R, or 2/ /a depending upon
the nondimensionalization), the strength parameter
of the modon core (maxy;zr/Ba?), the radius of max-
imum baroclinic current (/zc/R,;) and the radius

(a/Ry).
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Fig. 16 shows the position of the modon param-
eters and their uncertainties on the baroclinic rider
diagram of Flierl et al. (1980). Also shown is the
dispersion relation for the continuous-vorticity baro-
clinic rider (Section 2). Along this curve, the quan-
tity V25c is continuous across the line r = a. We
remark however, the grouping of the experiments
about this line does not necessarily imply that mo-
dons favor the [V%¥sc),-, = O configuration. Their
proximity to this curve may simply be an artifact of
the initial conditions. It is interesting to note, how-
ever, that locating the experiments with respect to
U/BR? and a/Rd implies that Yp{r = a)/yYpAr
= 0) = 0. Because a was calculated (rather than
measured) from a knowledge of U/BR? and lzr/Rg,
it has a wide range of variation since measurements
of the speed are very imprecise, as noted above. This
indicates that measurements of Ypdr = a)/ypdr
= 0) would be of concomitantly poor accuracy. Nev-
ertheless, it is encouraging that the qualitative eval-
uation of all the baroclinic data for the eight modons
reveal this ratio to be always positive, which would
be consistent with the placement of the experiments
on the graph.

By examining a north-south cut at the longitude
about which the two barotropic vortices are centered,
we may use a least-squares technique to fit the data
with a pressure distribution appropriate to a baro-
tropic modon and its barotropic rider (2.1). This
process supplies x and the true center of the baro-
tropic core, from which /57 may be calculated (Sec-
tion 2). Knowing « and U, we may use Eq. (2.4) to
find the modon radius @. In Fig. 17, the results of

TABLE 3. The speed (U/BR3), barotropic length scale (I55/R, and Ipz/a), modon strength (maxyzr/Ba®), radius of maximum
baroclinic currents (/pc/R,) for the rider, and the radius (a/R,) for the eight modongenesis experiments of the total of thirteen.

Experi- maxysr
ment U/BR} I57/R4 lja Ba* Isc/ Ry a/R,
12 0270 *3123 1129 F029¢ 0.438 70283 0.156 T2 1235 10208 2.578 T0.892
21 0.168 10222 1.628 FO0%% 0.414 004 0057 014 1191 +00%9 3.930 7075
2 0264 707 1354 70249 0.429 70156 0.096 +0.197 1.193 10193 3159 7023
27 0253 ¥0.1%¢ ro1a 102% 0.442 158 0256 T0:412 1.225 10001 2296 TO213
38 0198 70142 1.202 ¥0272 0.428 *02%% 0156 70217 1.184 *01%9 2809 F0727
39 0280 100 1.202 +0.243 0.435 7020] 0.147 10261 1253 *O1A 2761 70283
40 0204 0100 1219 T2 - oan o 0.116 T0 1€ 1252 0184 2849 0300
a2 0.320 10124 1214 10018 0.439 *0221 0.168 7023 1186 F0-070 2.768 T0724
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F1G. 16. Plot of modon speed as a function of radius (after Flierl
et al., 1980) from Table 3. The dashed lines are levels of Yp{r
= a)/¥slr = 0) and the dispersion relation with the restriction
[V*¥scl.-a = 0 is shown as a solid line. The four small graphs show
the rider pressure as a function of radius.

treating the barotropic data in this fashion are ex-
hibited and thus some general conclusions may be
drawn. The modons of EXPs 12, 21, 22, and 42 arise
from the nonlinear process of McWilliams and Flierl
(1979), or from initial conditions proximate to those
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of a modon state. As such, these experiments exhibit
vortex trajectories which are much less complicated
than those of the other modon experiments. Their
core and rider pressures exhibit fairly distinct trends.
After the initial evolution period, there is a slow de-
crease in the mean core pressure (after fluctuations
are visually averaged out). This is due to the dissi-
pative action of viscosity upon the modon.

On the other hand, instances of modongenesis
when |a| = 45.0° are generally associated with large
angular swings of the line of centers of the two vor-
tices (EXPs 27, 38, 39, and 40) as the modon evolves
to a nearly-steady state. This makes core and rider
pressures very unsteady as derived. The persistence
of these vortex pairs as identifiable, eastward-prop-
agating modons is therefore all the more remarkable.
It suggests that these current systems may be even
more stable than previously thought (McWilliams
et al., 1981).

6. Conclusion

The question to which we have addressed ourselves
is whether a modon can result from an eddy with a
tilted vertical axis and counter-rotating upper and
lower-ocean gyres. We have modeled this scenario
by placing a vortex in each layer of a two-layer ocean
and separating their centers by many tens of kilo-
meters. Simple modal decomposition then reveals
that the initial barotropic flow consists of a vortex
pair which at least superficially resembles the modon
described by Larichev and Reznik. The positioning
of this vortex pair constitutes an initial value problem
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F16. 17. The modon core pressure and that of the barotropic riders for EXPs 12, 21, 22, 27, 38, 39, 40, and 42. The short-lived EXP
27 modon possesses an anticyclonic rider (pressure > 0). The direction of rotation in the upper (1) and lower layers (2) is shown, as

are the relative angular positions of the initial eddy locations.
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which leads to either modongenesis or physical sep-
aration of the two vortices.

In cases where modongenesis ensues, the flow is
found to consist of the Larichev and Reznik, (1976)
core and attached barotropic and baroclinic vortices
(Stern, 1975; Flierl et al., 1980). Since these two
types of riders do not alter the dynamics of the core
(and in fact, cannot exist without it), we concentrate
on the evolution of the barotropic flow, at least for
early time. A small-time expansion has been used on
the barotropic quasigeostrophic equation and the re-
sulting Poisson equation solved by Fourier trans-
forms to indicate the initial motion of the two vor-
tices. We find that the barotropic solution to O(r)
is determined by the propagation/dispersion and
mutal advection tendencies. When Gaussian vortices
with radial velocities proportional to re~"*/%* are used
in each layer, we find that modongenesis is indicated
when the separation distance is <(1.5-2.0) L and
their line of centers with the cyclonic vortex to the
north is aligned along a = 0.0°. As |af T 90.0°, the
minimum separation distance required for modon-
genesis decreases to zero. The actual numerical cal-
culations, however, reveal that any tilted axis baro-
clinic eddy of sufficient strength will probably evolve
into a modon (regardless of the value of «) if only
the separation distance is <L/3 (~20 km in this
work). The mechanisms-which bring this about are
either a nonlinear evolution, or the bodily advection
of one vortex by the other, until the « =~ 0.0° con-
figuration is reached.

The numerical experiments are of 100-150 days
duration so that the temporal behavior of all modon
parameters can be compared with those of the in-
viscid, quasigeostrophic model. We find that the
speeds and barotropic vortex separation (Fig. 15) are
in the permissible propagation region in seven of the
eight cases for modons of this type. Although a suf-
ficiently precise determination of modon radius could
not be made, location of the modons on a U/BR7 vs
a/ R, graph (Fig. 16) indicates that Ppc(r = @)/ PpAr
= 0) > 0 for all modons, which is in qualitative
agreement with the experimental findings.

In their modon experiments, McWilliams et al.
(1981) observe an amplitude decay and concomitant
decrease in zonal speed. Although we see a decrease
in eastward propagation speed (Fig. 14), the con-
tinuing evolution of the modon core and barotropic
rider (Fig. 17) render similar conclusions on ampli-
tude in this work difficult. Although we see instances
of core pressure decay, it is sometimes observed to
increase slightly as energy is interchanged with the
riders. Thus, any firm conclusions are ill-advised in
these evolutionary experiments.

The success of many of these experiments in gen-

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 12

erating modons from quite unexpected configura-
tions is striking. Even the most adverse scenarios
(e.g. @ = 180.0°, EXP 42) have resulted in modon-
genesis provided the upper and deep ocean vortices
are sufficiently strong and are less than ~20 km
apart. The willingness of tilted-axis baroclinic eddies
to evolve into modons, as well as their sometimes
complicated trajectories during evolution, suggests
that they are not terribly fragile and may be even
more durable than currently believed.
Unfortunately, unambiguous identification of these
flows in the ocean is a significant problem, because
the presence of the barotropic core can be totally
masked by the baroclinic and barotropic riders.
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