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ABSTRACT

A mechanism for the generation of ringlets (i.e., small cyclonic eddies (2040 km) which have
recently been observed on the periphery of warm-core rings) is proposed. The suggested process
is examined analytically using a reduced gravity one-and-a-half-layer and two-and-a-half-layer
model. The underlying hypothesis is that the ringlets are formed by the expulsion of fluid from
the outer rim of the warm ring and that this expulsion is the result of an absorption of foreign
water into the core of the ring. This nonlinear process is examined using the not-so-frequently
used integrated angular momentum constraint as well as the familiar conservation of potential
vorticity and mass. These constraints show that when the ring interacts with other bodies of
water such as shelf water or the Gulf Stream, the shelf water is sucked into the ring in such a
manner that the entire ring is capped. To conserve angular momentum, some other fluid must
then be pushed out and it is argued that via instability of the ring’s edge, this expulsion forms
ringlets.

1. Introduction

Both satellite images and direct oceanic observ-
ations have recently demonstrated that relatively (a)
small (~ 1040 km) cyclonic eddies are frequently
present near the periphery of warm-core rings (see
Fig. 1 and Kennelly et al, 1985). These ringlets
(eddies) typically have an orbital speed of
40cms~!, a depth of 1000 meters or so and a
lifetime of a few weeks. The question of how such
ringlets are formed is important because of its
direct relevance to the distribution of energy,
momentum and heat within the mesoscale. It is
believed that this question can be, at least par-
tially, answered by considering simplified models.

Fig. 1. (a) Cartoon derived from successive satellite

images showing a ringlet around warm-core ring (WCR)

82B from day 102 to day 121. (b) This cartoon shows a

ringlet around WCR 82B from day 115 to day 128. The
angular momentum associated with the slow anticyclonic (b)
drift displayed in the figure is rather small compared to

the angular momentum associated with the position of

the ringlets and will be, therefore, neglected in our
computations. Adapted from Kennelly et al. (1985).
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With this idea in mind, two nonlinear inviscid
models will be considered in detail. The first is a
nonlinear two-and-a-half-layer model (Section 2)
consisting of a zero potential vorticity warm-core
ring and a one-dimensional uniform potential
vorticity current (with a different density) situated
several deformation radii away (Figs. 2-5). The
slightly lighter one-dimensional current represents
either the shelf water (which is lighter due to its
lower salinity) or the Gulf Stream (which is lighter
due to its higher temperature). As satellite images
suggest, the ring interacts with the current and, as
a result, the ring absorbs some of the lighter fluid
from the edge of the current (see, e.g., images of
ring 81B presented by Evans et al., 1985).

The time-dependent absorption process will not
be modeled in detail but the states prior to and
after the absorption will be connected with the aid
of known integrated constraints. We shall see that
an analytical solution of the local equations of
motion indicates that the absorbed lighter fluid
cannot be present in the core alone. Instead, it
must spread over the entire ring until the ring is
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Fig. 2. Schematic diagram of the conditions prior to the
interaction of a zero-potential vorticity ring with a finite
potential vorticity current. The densely shaded area of
the one-dimensional current will later be absorbed by the
ring which, in turn, will expel fluid in the form of satellite
eddies (Figs. 3, 4).
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Fig. 3. The final after-interaction state corresponding to
a zero potential vorticity ring. The ring is entirely capped
by the light current water and anticyclonic ringlets which
have been ejected from the parent ring are now present
near the edge.

completely capped (Fig.4). Assuming that the
amount of water absorbed by the ring is small,
the (not so frequently used) integrated angular
momentum principle will then be applied to illu-
strate analytically that, since the light (current)
water has been brought closer to the ring’s center
from its original pre-interaction position, some
other fluid must be pushed out. The expulsion
of ring fluid takes place in terms of instability
resulting in satellite eddies (or ringlets). These
ringlets cause an increase in angular momentum
which compensates for the decrease of angular
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Fig. 4. Schematic diagram of the capped ring. The
detailed solution shows that the entire ring must be
covered by the light fluid (density p) absorbed from the
current (see text). Ry is the final radius of the ring, &, is
the cap depth, 4 the depth of the ring and ¢ is the ratio of
the initial strip width w (see Fig. 2) to the deformation
radius, (g'H)"?/f.

Tellus 45A (1993), 4



GENERATION OF RINGLETS 301

light current (p}

==

© warm-core

P+ Ap) | ]-ing

(p +24p)

prior to interaction

light current (p)

(p +24p)

| warm-core
i ring

(p+A4p)

after interaction
Fig. 5. A three-dimensional view of the interactions shown in Figs. 2, 3. Water from the light current (whose density

is p) floods and caps the ring (whose density is (p + 4p)) which, in turn, ejects small anticyclones (ringlets).
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Fig. 6. A three-dimensional view of the two-and-a-half-layer model. As before, water from the light current floods the
slightly heavier ring which, in turn, expels fluid to the surroundings. However, in contrast to the previous one-and-a-

half-layer model (Fig. 4), the warm ring has cyclonic vorticity around the edge and the depth is finite along the rim.
Consequently, the expelled {luid forms cyclones rather than anticyclones.
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momentum associated with the ‘absorbed light
fluid drawn into the ring.

Since the anticyclonic vorticity of the ring in this
particular analytical model is uniform, the satellite
eddies have anticyclonic vorticity as well. This
contradicts actual observations which point to
cyclonic, rather than anticyclonic, satellite eddies.
Obviously, the discrepancy results from the fact
that actual rings do not have uniform vorticity as
the model assumes. Instead, the actual vorticity of
warm-core rings is usually anticyclonic in the core
and cyclonic near the edge. Hence, the above dis-
crepancy can be resolved by considering a more
complicated and realistic quasi-numerical model
which examines a warm-core ring with a finite
nonuniform (rather than zero) potential vorticity
(Section 3). The general approach used in this
two-and-a-half-layer = quasi-numerical model
(Fig. 6) is the same as in the previous analytical
model, i.e., the states prior to and after the inter-
action are connected using the integrated angular
momentum principle.

free bounding
streamline
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Fig. 7. Details of the two-and-a-half-layer model shown
schematically in Fig. 6. The ring now has a finite non-
uniform potential vorticity corresponding to a velocity
profile with an anticyclonic vorticity in the core (r < R)),
cyclonic vorticity along the rim (R, <r<R,) and
vanishing velocity along the edge. Also, in contrast to the
one-and-a-half-layer case shown in Fig. 2, the depth
along the edge (H.) is nonzero.

D. NOF

However, since the ring’s potential vorticity is
nonuniform in this case, it allows for realistic
cyclonic vorticity near the ring’s edge (Figs. 6-8).
Also, the ring’s edge depth is nonzero allowing
the establishment of cyclones around the edge.
Although these modifications appear to be minor,
they make the problem analytically intractable.
Consequently, the equations of motion for both
the initial and final states, as well as the connecting
equations, are solved numerically. As expected, the
results show that, again, an expulsion of fluid must
take place and that, consequently, ringlets are
formed. However, in contrast to the previous
analytical model, the ringlets are now cyclonic as
the observations suggest.

After presenting and analyzing these models in
detail, their applicability to the ocean is considered
and the results are discussed and summarized
(Section 4). Because of the various states being
considered, the notation and definition of variables
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Fig. 8. The final after-interaction state corresponding to
a finite nonuniform potential vorticity ring (Fig. 7). In
contrast to the zero potential vorticity case (one-and-a-
half-layer model) where the ring is entirely capped by the
absorbed fluid, the ring is'now only partially capped
(densely shaded area) with the light current water.
Cyclonic ringlets which have been ejected from the rim of
the parent ring are present near the edge.
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in unavoidably cumbersome. To ease this burden,
all variables are defined in both the text and an
appendix.

2. Analytical model of a zero-potential
vorticity ring

Consider again the model shown in Figs. 2-5.
Recall that the ring-current collision and the
resulting interaction will not be examined in detail
because these processes are both time-dependent
and highly nonlinear making analytical tractabi-
lity virtually impossible. Instead, we shall connect
the final and initial states using various integrated
constraints. Although this approach is not useful
with regard to the time-dependent processes them-
selves, it provides crucial information about the
end result of the interaction. The method is not
new; it has been used successfully before in various
studies, the most closely related being those of Nof
(1990a, 1991). In polar coordinates (r, 8), the
initial conditions for the zero potential vorticity
ring are:
vo=—1ifr, h=h—f7rY8g, (2.1)
where 4 is the depth at the ring’s center and the
remaining notation is conventional (i.e., v, is the
orbital speed, g’ the “reduced gravity” and f is
the Coriolis parameter): Similarly, the initial light
current is described by,

v=/2gHe = ""2k

h=H(l —e~ (=02 Ra), (22)
where the coordinate system is now Cartesian
(x, y), H is the undisturbed current depth at
infinity (x — c0), b the distance between the strip
and the ring (Fig. 7), and Ry is the Rossby radius
(g'H)'?/f.

2.1. General constraints ]

In addition to the familiar conservation of
potential vorticity and volume, the following (not
so familiar) constraints connect the initial and final
states.

(i) Conservation of momentum and the center
of mass. 1t is a simple matter to show using the
shallow water equations that, for a patch whose
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depth vanishes along the rim (Ball 1963, Nof
1990a) the following integrals must be satisfied:

([ nu— gy axay

H h(v+ fx) dx dy =0. (2.3)

d
ds
Again, the (Cartesian) notation is conventional
(i.e., u and v are the speeds) and the integrals are
taken over the whole patch. Since in both the
(steady) initial and final states the streamfunction
¥ (defined by oy/ox=vh; OY/dy= —uh) is a
constant along the edge, it follows from (2.3) that,

d d
athdxdy_&j hxdxdy=0,

which implies that the final center of gravity must
coincide with the initial center of mass.

(ii) Torque. The conservation of integrated
angular momentum for a patch whose depth
vanishes along the rim is discussed by Ball (1963),
Cushman-Roisin (1989) and Nof (1990a, b, 1991).
Its most general form is,

S [l o= s+ 21 axdy =0,
(2.4a)

where the integration is done over the entire area.
In polar coordinates (r, 8), it is given by

% f f (fr/2 + rvg) hr dr d0 =0, (2.4b)

where, as before, v, is the orbital velocity. In this
context, it is worth pointing out that the angular
momentum (AM) of a circular vortex situated a
distance r, away from the center of the system is,

AM=H [Lfr3+ L /v + rog] hdr d6,
s
where r and v, are now measured relative to the

eddy’s own center.

2.2. Scaling

To connect the initial and final state a perturba-
tion expansion in &, the ratio between the width of



304

the strip (which will later be absorbed by the ring)
and the deformation radius, will be used. This
expansion essentially implies that the light water
absorbed by the ring originates from a narrow
strip along the edge of the current (Fig. 2) and that
the entrained amount is small compared to the
volume of the ring. The relevant nondimensional
variables and scales are,

v¥ =vo/(g'H)"?,  h*=h/H,

Ry=(g'H)"/f,  e"”=w/R,

(hy*=h/H,  h¥*=h[eH,

b*=b/Ry, L*=L/Ry,

r*=r/Ry, (2.5)

where A, is the depth of the cap (Fig. 4), wand L
are the width and length of the strip, b the strip’s
distance from the ring, and, as mentioned earlier, h
is the ring’s central depth (~ O(H)).

2.3. The capped ring

The equations governing the final ring and the
absorbed fluid above (Fig. 5) are,

Vol foo=g 5428 e, (26)
v)r+ foo=g' (Z—'r’+ %};—) @7)
oc  Loe iy = fhos, (28)
%)0-4— + =0, (2.9)

where terms without a subscript correspond to the
ring and the subscripted “c” indicates association
with the cap. The boundary conditions are: (i) the
orbital speed vanishes at the center (v¥=0;
r*=0), (ii) both the ring’s depth # and the cap’s
depth A, must vanish at a finite distance from the
center. Since the solution of (2.9) is vy= —1fr,
€gs. (2.6), (2.7) and (2.8) can be combined to give,

* )2 *
(";’—;)wzc: ‘;” (2.10)
vy, vk
6r(:‘ +ri+ 1=¢h¥, (2.11)

D. NOF

where the nondimensional variables introduced in
(2.5) have been used.
We now expand v{, and hc* in powers of ¢,

v =0 + o4 ...,
hE=hO +ehD+ -,

and substitute into (2.10-2.11). The zeroth (¢°)
and first (¢!) order balances are,

(0)2 1
) Lo L (2.12a)
r* 4
w®
5+ + —+1=0, (2.12b)
2p 0 20h®
—'r*—+1}£1)=ar—*, (2133)
doH  ph
c = h©)
e + - - =h (2.13b)
The solution of (2.12) is,
0@ = —Lp* (2.14)
which together with (2.13a) gives,
h©® = constant = (h_)*, (2.15)

indicating that the cap must extend all over the
ring.

Substitution of (2.15) into (2.13b) gives
o =1(h)* r*
so that the total solution is,
vE = —gr*+e(h)* zr*+ -
hE = (h,)*+O(e) + -

(2.16a)
(2.16b)

where, due to our particular scaling, the absolute
value of the neglected terms is of O(e*) in both
(2.16a) and (2.16b).

It is possible to show that the edge of the cap
(i.e., the part of the cap that hangs out and is in
direct contact with the lower layer as shown in
Fig. 4) has a width of O(eRy). It will become clear
later that, due to this small width, the edge’s con-
tribution to the momentum and volume balances
is negligible. Consequently, the detailed solution of
the edge is not presented.
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2.4. Connecting the final and initial states
By equating the volume of the light strip to the

cap’s volume, one finds,

L*/\/2=n(R¥)? (h;)* + OCe), (217)

where R* is the initial radius of the ring. Similarly,
conservation of volume for the slightly heavier ring
and ringlets gives,

(R¥)? D = (R*)? (h)* — 4N[(h,)*}* + OCe),
(2.18)

where, as mentioned, 2" is the nondimensional
perturbation to the ring’s original central depth
(h)*, (h,)* is the nondimensional ringlet’s central
depth, and N is the number of ringlets.
Conservation of total angular momentum gives,

L*[b*(b* +2%2) + (L*)%/3]

=2°2aN(R?)* [(h)*]*+OCe), (2.19)
which, as we shall shortly see, is the most infor-
mative constraint. (Note that the angular momen-
tum of the cap and the cap’s edge are O(e?) and
O(g?), respectively, so that both are negligible;
also, the volume of the cap’s edge is negligible.)
The solution (2.17), (2.18), and (2.19) gives the
three unknowns, the uniform nondimensional
cap’s depth (4.)*, the nondimensional change in
the ring’s central depth 2, and the ringlets’
central depth (ﬁ,)* as a function of the four known
variables, the nondimensional length of the initial
strip L*, its distance from the ring b*, the number
of ringlets N, and the original radius of the ring R>*.
It is straightforward to show that, to the order
of approximation being considered, there is no
change in the position of the system’s center of
gravity, i.e., constraint (2.3) is satisfied as should
be the case.

Relation (2.19) clearly illustrates that the
angular momentum cannot be conserved without an
ejection of ringlets (i.e., N can never be zero). Since
the ringlets are probably formed by instability
along the edge, their most likely number is deter-
mined by the wave number of the most unstable
mode. Paldor and Nof (1990) have shown that
mode number five is the most unstable one for
a lens and we shall, therefore, consider N=35.
This number of ringlets is consistent with actual
observations which demonstrate that, at each
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given time, as many as 6 ringlets are present along
the periphery (Kennelly et al., 1985).

For 5 ringlets and an initial light strip (with a
total length of two deformation radii (L*=1)
and a width of a third of a deformation radius
(e2=1/3)) situated 3 deformation radii away
(b* =3) from a ring with an initial central depth
identical to the current depth at infinity, one finds
aringlet’s central depth which is about 1.8 % of the
parent ring’s depth. The corresponding cap’s depth
is roughly 0.3 % of the parent ring’s initial depth
and the decrease in the initial (parent) ring’s
central depth is about 0.4%.

It is a simple matter to compute the energy loss
associated with the ring-current interaction. One
finds that, to the order of approximation being
used, the energy of the ringlets is negligible and
that the energy loss (AE) is,

AE=g{[b*(b* +2%2) + (L*)¥/31/16 /2
+rL*/2},

which is always positive as should be the case. For
the numerical example previously discussed, the
energy loss is 34%.

Before proceeding to the numerical computa-
tions, it should be pointed out that, in the above
example, the ringlets are rather small compared to
the parent ring (a few %). This results from our
perturbation expansion and is not consistent with
the observations which suggest a ringlets size of
about a quarter or so of the parent ring (Kennelly
et al, 1985). We shall see shortly that this dis-
crepancy is resolved with the numerical computa-
tions where the ringlet’s size can be as much as
20% of the parent ring.

(2.20)

3. Numerical computations for a varying
potential vorticity ring with a finite depth
along the rim

Consider again the situation shown in Figs. 6-8.
As mentioned, in contrast to the zero potential
vorticity case where the ring’s vorticity ts uniform,
the ring’s vorticity is now anticyclonic in the center
but cyclonic around the rim. Also, the depth
around the edge is now finite (rather than zero) so
that an expulsion of fluid from the edge is going to
form cyclones rather than anticyclones. This is not
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only more realistic in terms of the velocity and
depth fields but, as expected, it is also more in line
with the observations which show that the ringlets
are cyclonic rather than anticyclonic.

The principles of the computations are the same
as before except that, due to their complexity, they
are carried out numerically. Because of the finite
depth along the rim, it is now technically possible
to lose angular momentum to the exterior fluid
surrounding the ring. Using a rigorous not-so-
trivial scaling analysis, Nof (1990b) has shown,
however, that, if the process in question is slow
compared to the ring’s orbital speed, the loss of
angular momentum to the surrounding fluid is
negligible. Furthermore, Nof’s (1990b) analysis
showed that the leakage of torque through the
boundary of the vorticity patch is so small that,
even though it is active over a long period of time,
it is still negligible. It is reasonable to assume that,
as in other eddy interaction processes, the process
in question is also slow and, therefore, the loss of
angular momentum is ignored.

In addition to the constraints mentioned earlier,
the interior of the parent ring as well as the ringlets
must, of course, satisfy that potential vorticity and
momentum equations. The ring’s initial state is
associated with the equations,

1d f
7dr(”’")+f‘hH_pl’ 0<r<R, 3.1)
1d
;a(rvo)+f=hHLpz, R <r<R,, (32)
2

h
?+fvo=g’5, 0<r<R,, (3.3)

which are subject to the following boundary and
matching conditions,

v5=0, r=0, r=R,, (34)
h=h  r=0, (3.5)
h=H,  r=R,, (3.6)
Volreri—u=V0lr=r, +ps p—0. (3.7)

Here, H,, and H,, are the potential vorticity
depths of the core (r < R;) and rim (R, <r< R,),
and g is a small parameter. Conditions (3.4) repre-

D. NOF

sent the vanishing of the orbital speed at the center
and along the outer edge (i.e., the velocities of the
parent ring are continuous everywhere), (3.5) and
(3.6) reflect the conditions that at the center and
edge the depths are % and H,, and (3.7) states that
the velocity matches along the potential vorticity
front (r=R;). Given the radii R;, R, and the
matched orbital speed along the front, the set
(3.1)+(3.3) is solved numerically for the ring’s
central depth h, and the potential vorticity depths
H,, and H,. This was done by integrating out-
ward from the center using a Runge-Kutta solver
from the Numerical Recipes Software Package
(Press et al., 1986).

For the two-layered final state the modified
governing equations are,

, dh,
V5e/r+ foge— (v /r + foo) =g a (3.8)
dh dh.
v3/r+ fo,=g' (Er'+ dr), (3.9)
dvg. vy h
S+—=+f=f= 3.10
dr + r +f fH’ (3.10)
h/H
0.8 T T
0 05 1.0 r/Ry
edge of
ring
vd/(g'H)'2
0 T
0 05 1.0 Ry
0.2 velocity
044 edge of
ring

Fig. 9. The initial depth (upper panel) and velocity
(lower panel) of the parent ring used in the numerical
experiment. The nondimensional potential vorticity
depths of the core and rim are about 65 and 0.075
(respectively) so that the core is as close to a state of zero
potential vorticity as the numerical scheme allows. The
corresponding initial conditions of the strip, which is
later entrained by the ring, are as follows: The nondimen-
sional width is 0.1, the length and distance from the ring
center are both 2 deformation radii. The depth of the
stagnant fluid surrounding the ring is identical to the
current’s undisturbed depth. The edge of the ring is
located at r = (g'H)'*/f.
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dvo Vg h
a7 +f—H ’

pl

O0<r<Ry, (3.11)

dv, v,

+24+f=f R, <r<R,. (3.12)
dr r

h
H p2,
where, as before, the subscript “c” indicates
association with the cap and no subscript indicates
association with the ring.

As we shall shortly see, the boundary and
matching conditions are essentially the same as
before except that they need to be applied in dif-
ferent locations. There are a total of 7 unknowns:
the cap, ring and ringlets’ central depths, the new
radii of the ring core (R,) and the rim (R,), the
radius of the cap and the radius of the ringlets.

The governing equations are now integrated
numerically using Runge-Kutta and the following
7 conditions are imposed:

(1) the cap’s edge depth vanishes;
(2) the ring’s edge depth equals H.;
(3) the ringlet’s edge depth equals H.;
h/H
ring depth
0.8
0.4 -
0 T T
o 05 1.0 /Ry
ring velocity ]_\
0.4
vo(g'H)!"2 finge of
h/H
0.8
0.4
0 cap depth
o Tt 05 10 1Ry
ca veloci;y. Seeel
04 # P ‘.-:dge of
vel(g'H)'2 cap

Fig. 10. The final ring (upper panel) and cap (lower
panel) depth and velocity profiles corresponding to the
numerical experiments. Solid lines correspond to the ring
and dashed lines correspond to the cap.
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ringlets

Vel(g'H)”z

0.2

velocity
0.0 T T T

0 0.1 /_I 0.2

edge of
ringlets

r/Ry

Fig. 11. The ringlets’ depth and velocity profiles.

(4) conservation of the ring’s core volume
(r<R;);

(5) conservation of the ring’s rim volume
(Ri<r<R,);

(6) conservation of strip and cap volume;
(7) conservation of total angular momentum.

The solution for the 7 resulting equations is also
found numerically. The results of 2 “typical”
numerical experiments are shown in Figs. 9-14.

h/H
depth
1.0 -
0.8 T
0 05 10 "Rq
edge of
ring
vy/(g'H)!/2
velocity
0.0 T ~ R
02 4° 05 1.0 d
edge of
ring

Fig. 12. The same as Fig. 9 except that the ring’s
potential vorticity depths at the core and rim are
approximately 1.7 and 0.9 (respectively) so that the core
is not close to that of a zero potential vorticity ring.
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hMH
ring depth
0.8
0.4+
0.0 T T
o ring 05 10 Ry
velocity
-0.4-1 edge of
ring
Vd(g'H)”z
0.8
0.4
cap depth
0.0-FSi == =§==an= T
0 TTe~l__0s 10 "Ra
041 cap velocity” ™~ edge of

cap

Fig. 13. The same as Fig. 10 except that the correspond-
ing initial conditions are those shown in Fig, 12.

As expected, ringlets must be formed again in
order to conserve angular momentum. As in the
analytical case, the change in the system center of
gravity is negligible; the energy loss associated
with the interaction shown in Figs. 9-11 is 21 %
and for that shown in Figs. 12-14 is 67%. As

hM™
depth
1.0 Ld
0.8 T T
0 0.1 0.2 ’ /Ry
edge of
ringlets
VQI(Q'H)1 12
0.2
velocity
0T T T
0 0.1 0.2 /Ry
edge of
ringlets

Fig. 14. As in Fig. 11 except that the corresponding
initial conditions are those shown in Fig. 12.
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briefly mentioned earlier, the ringlet’s size in the
numerical case can be much greater than that of
the analytical solution. In both of our examples the
ringlet’s size is roughly 20% of the parent ring,
much greater than the few percent obtained earlier
in the analytical case. This larger size is in better
agreement with the observations which, as men-
tioned, suggest a diameter that is about one-fourth
of the parent ring size.

4. Summary

Before listing our conclusions, it is perhaps
appropriate to stress again the main elements of
our models, the assumptions and the limitations
of our study. Both the one-and-a-half-layer model
(Fig. 5) and the two-and-a-half-layer model
(Fig. 6) are nonlinear in the sense that both the
Rossby number and the amplitude are of order
unity. The transient interaction process was not
directly addressed; instead, the initial and final
states are connected assuming that the final state is
steady. The main weakness of such an analysis is
that, although the detailed structure of the final
state is solved for, the general pattern of the final
state is actually assumed. Hence, the validity of the
result depends on the correctness of the assumed
pattern. Nevertheless, the results are useful and
may provide an explanation for the ringlets’ for-
mation process. Specifically, it is suggested that
ringlets result from interactions of warm-core
rings with waters lighter than their immediate sur-
roundings. Such interactions (with, say, shelf water
or the Gulf Stream) cause an entrainment of light
water into the core of the ring which, due to
conservation of angular momentum, causes, in
turn, an expulsion of ring fluid. The entrainment
takes place in such a manner that the entire ring is
capped (Fig. 4). The associated expulsion of fluid
from the rim must take place in terms of eddies
formed via instabilities along the edge.

After the completion of this study the author
became aware of Wang’s (1992) recent study
on ring-shelf water interactions. Using contour
dynamics techniques he showed that, as a result of
the ring-shelf water interaction, shelf water
intrudes along the periphery of the ring. As
expected from earlier studies on similar intrusions
(e.g., Stern and Pratt 1985, Spitz and Nof 1991),
the nose curls up and forms a cyclone. Such a
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mechanism provides an alternative explanation for
the ringlets’ expulsion process proposed here. As is
frequently the case, however, the actual oceanic
process is probably not as simple as either one of
the proposed mechanisms. In reality, the actual
generation process is probably some sort of
combination of the two processes.

Two future examinations are suggested by our
present analysis. From an observational point of
view, it will be useful to determine whether the for-
mation of ringlets is indeed correlated with prior
interaction episodes. On the computation side,
it would be useful to examine the entire time-
dependent process so that the correctness of our
final state can be examined.
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Appendix A

List of symbols

AM  angular momentum

b strip’s distance from the ring

b* nondimensional distance between
ring’s center and the strip

the
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h depth at the ring’s center (r =0)

12, ringlet’s central depth

h' nondimensional perturbation to the ring’s
original central depth (h)*

(h)* nondimensional parent ring’s depth

(h,)* nondimensional ringlet’s central depth

h®  zeroth-order approximation of the cap’s
depth

A first order approximation of the cap’s
depth

h¥ nondimensional cap’s depth

H, depth along the ring’s edge

H, potential vorticity depth of the core
(r<Ry)

potential vorticity depth of the
(Ri<r<R,)

L length of the strip

L* nondimensional length of the initial strip
N number of ringlets

polar coordinates

R, Rossby deformation radius, (g'H)?/f
r* nondimensional radius

R¥  (initial radius of the (parent) ring

rim

u,v  velocities in Cartesian coordinates

v zeroth-order approximation of the cap’s
orbital velocity

vV first order approximation of the cap’s
orbital velocity

vy orbital velocity

v} nondimensional orbital velocity

Vge orbital velocity of the cap

vl nondimensional orbital velocity of the cap

7 matched orbital speed along the front
(r=Ry)

w width of the strip

energy loss

f Coriolis parameter € ratio between the width of the strip which is
g “reduced gravity,” (Ap/p) g later absorbed by the ring (w) and the
H undisturbed current depth at infinity deformation radius
(x = o0) u a small nondimensional parameter
h depth ] streamfunction (defined by dy/dy = —uh;
h depth of the cap Oy /0x = vh)
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