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ABSTRACT

Since midocean eddies migrate westward, they eventually reach the western boundaries. It is, therefore, of
interest to find out what happens after the eddies collide with the walls. An isopycnic, two-layer, primitive
equation model on a 8 plane and a simple analytical model on an fplane are constructed to investigate the
meridional migration of an oceanic eddy along a western wall.

On a 8 plane, three factors determine the eddy’s migration along a western meridional wall. First, the image
effect pushes an anticyclonic (cyclonic) eddy northward (southward ). Second, the 8 force (resulting from the
larger Coriolis force on the northern side of the eddy) pulls an anticyclonic (cyclonic) eddy southward (northward).
Third, after an anticyclonic (cyclonic) eddy collides with the wall, parts of the anticyclonic eddy’s interior fluid
leak out southward (northward) along the wall forming a thin jet. In an analogy to a rocket, this jet pushes the
eddy northward (southward). Our aim is to investigate in which direction the eddy ultimately migrates along
the wall (i.e., to determine which of the above three processes dominates).

The combined effect of the three processes is a rather complicated process and the results are counterintuitive.
For instance, imagine a lenslike anticyclonic eddy situated on a sloping bottom (analogous to 8). This highly
nonlinear eddy migrates with shallow water on its right (“westward” ) and encounters a meridional wall. Intuitively,
it is expected that, once the “westward”™ migration is arrested by the wall, gravity will pull the eddy downhill
(southward) so that the eddy will migrate toward deep water (i.e., toward the equator). Surprisingly, however,
the authors’ numerical computations show that the eddy migrates uphill. This bizarre behavior results from the
leakage along the wall that, in terms of the eddy energy, compensates for the uphill drift. Namely, the leakage
plays a crucial role in the eddy-wall interaction process because it allows the uphill migration. Eventually, it
causes a destruction of the lens by completely draining its fluid.

The above highly nonlinear experiments are supplemented by quasigeostrophic analytical solutions and iso-
pycnic numerical experiments of cyclones and anticyclones. It is found that, in contrast to the situation with
the lens, the leakage does not play a crucial role in quasigeostrophic eddies. However, all of these experiments
show that the image effect is the most dominant process. It turns out that, as the eddy responds to the presence
of the wali, it is transformed into a halfcircular shape that is very different from its original preinteraction
circular shape. This results from the fact that, even though the westward S-induced speed (forcing the eddy into
the wall) is small, it is active over an extended period of time so that its final effect is relatively large. The final
half-circular eddy that migrates along the wall is nearly independent of 8 as long as the eddy is not extremely
far from its original latitude. This is demonstrated by both our numerical solution (of the primitive equations)
as well as our quasigeostrophic analytical solution. The authors term this final migrating eddy a wodon as it
represents a combination of a wall and a modon.

Possible applications of these models to various oceanic situations are discussed.

1. Introduction

In an open ocean, mesoscale eddies continuously
migrate westward due to 8. It is therefore of interest to
investigate an eddy’s migration after it encounters a
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western continental slope. Recent observations ob-
tained from satellite or buoy drifters show a complex
migration pattern for eddies adjacent to the continental
slopes. For example, Fig. 1 [adapted from Evans et al.
(1985)] illustrates the location of the center track for
Gulf Stream warm core ring 82B. This anticyclonic
ring first moved westward, and then southwestward
(along the isobaths) at an average speed of 3 km day ™.
Figure 2 [adapted from Kirwan et al. (1988)], on the
other hand, demonstrates that the center motion of an
anticyclonic Loop Current ring in the western Gulf of
Mexico first migrated westward, and then translated
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F1G. 1. The drift of a Gulf Stream warm core ring 82B near the western Atlantic continental
slope (adapted from Evans et al. 1985). It illustrates that the eddy first moves westward and then
southwestward along the continental slope.

northward at a speed of 3.5 km day~!. Ultimately, the From these two very different observations, it is clear
ring slowly turned away from the slope, and changed that an eddy’s migration near western boundaries is a
its migration direction from northward to southward. very complex process. The question that we will address
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FI1G. 2. The center motion of a Loop Current anticyclonic ring near the continental slope of the
western Gulf of Mexico (adapted from Kirwan et al. 1988). It shows that, initially, the eddy
migrated westward. It then turned 90° to the north and northeast along the slope and then turned
again and moved southwestward.
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in this study is what mechanisms determine the final
eddy migration along a western boundary.

To understand the complicated near-wall migration
process, it is assumed that a western continental slope
can be approximated by a meridional vertical wall. For
simplicity, we shall first examine an anticyclonic (or
cyclonic) eddy next to a wall above an infinitely deep
upper layer (Fig. 3). In a 115-layer model, three factors
determine an eddy’s meridional migration next to a
wall. First, the so-called image effect (i.e., the eddy’s
advection along a free-slip wall due to its image) pushes
the anticyclone (cyclone) northward (southward).
Second, since the Coriolis force acting on particles in
the northern part of the eddy is larger than that in the
southern part of the anticyclonic (cyclonic) eddy, a
southward (northward) net force is established (here-
after, this force is referred to as the 8 force). Third, as
the B-induced western drift (to be distinguished from
the meridional drift due to 8) continues to force the
eddy toward the wall, part of the anticyclonic (cyclonic)
eddy’s fluid flows southward (northward ) along the wall
forming a thin jet (Fig. 3, see also Nof 1988a,b). In an
analogy to a rocket, this thin jet gives the eddy a north-
ward (southward ) momentum. In short, the image ef-
fect and the “rocket” effect try to push an anticyclone
northward, while the 3 force tends to pull it southward.
Similarly, a cyclone is pulled southward by the image
effect and the “rocket” effect, but is pushed northward
by the 3 force.

image rocket
effect

}

effect

{ p—force

TOP VIEW
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A general scaling analysis suggests that all three mi-
gration mechanisms induce speeds of roughly the same
order. Hence, it is impossible to tell in advance at which
direction an eddy will eventually propagate as a reac-
tion to the presence of a wall. It turns out, however,
that, at least in all the cases that we have looked at,
the image effect always dominates.

The complexity of the eddy migration along the wall
is apparent not only from the scaling mentioned above.
From a theoretical point of view it is perhaps best il-
lustrated by the reaction of a lens to the presence of a
wall. Consider the situation shown in Fig. 4 (see also
Nof 1983). A heavy lens is situated over a sloping bot-
tom (analogous to §8) and propagates with shallow wa-
ter on its right (i.e., “westward’). It encounters a me-
ridional wall perpendicular to the lens direction of mi-
gration. It is intuitively expected that gravity will pull
the lens downhill toward deep water (i.e., southward).
We shall see, however, that in contrast to this intuitive
outcome, the lens actually propagates uphill. From an
energy point of view, this bizarre uphill movement of
the lens center is possible because it is compensated
for by a leakage along the wall, which gradually des-
tructs the ring by draining its fluid.

a. Modeling background

Table 1 summarizes the relevant previous studies of
an eddy migration along a free-slip meridional wall.

g>f/2

upper layer (p)

(p +Ap)

SIDE VIEW

FiG. 3. A schematic diagram of the migration of an eddy above an infinitely deep lower layer
next to a wall on a 8 plane. Three mechanisms determine the migration of an anticyclonic eddy:
the image effect and the “rocket” effect try to push an anticyclonic eddy northward, while the 8
force tends to pull it southward. Our aim here is to find out in which direction the eddy ultimately
migrates along a meridional wall. “Wavy” arrows indicate direction of migration.
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lution will be compared to the numerical results to
show that, in the quasigeostrophic limit, the leakages
are relatively unimportant. This contradicts the non-
linear (lens) cases where the leakages are of funda-
mental importance. Finally, the results are applied to
various oceanic situations (section 5) and summarized
(section 6).

2. The reaction of a lenslike eddy to the presence of
a meridional wall

a. General description of the numerical model

In this section, an eddy’s migration next to a wall
on a § plane is investigated using the isopycnic model
of Bleck and Boudra (1986). This primitive equation
model may be viewed as a stack of shallow water mod-
els. The model consists of two momentum equations,
a hydrostatic equation, and a continuity equation:

ou du du oM v
— — ——fo=——+—V(ApV
6t+ué)x+vay fo ox Ap (ApVu),
(2.1)
av av av oM v
U=t v =4 fu= -+ L v(ApY
a MY dy Ju dy Ap (ApV),
(2.2)
M = péa, (2.3)
dAp  d(udp) d(vAp)
+ + = 2.4
ot x dy 0. (24)

where u, v are the zonal and meridional velocity com-
ponents, Ap is the thickness of a constant density layer,
Jthe Coriolis parameter, M the Montgomery potential,
p the pressure, 6M = M,pper tlayer ~ Miower tayer, ¢ iS the
specific volume, o = aypper layer — Qlower layers ¥ 1S the
lateral viscosity, and V = id/dx + jd/dy. The layers
communicate vertically through hydrostatically trans-
mitted pressure forces (2.3). Note that there are four
unknowns u, v, p, M, and four equations (2.1)-(2.4);
therefore, the system is closed.

One of the advantages in Bleck and Boudra’s iso-
pycnic model is the use of the so-called flux corrected
transport (FCT) technique to solve the continuity
equation (2.4) (Zalesak 1979). The FCT method al-
lows isopycnals to outcrop (i.e., Ap = 0); consequently,
it can be used to study very strong nonlinear features
such as lenslike eddies.

As shown in Fig. 5, the model consists of a two-layer
1000 km X 1000 km square domain with grid spacing
10 km and time step 10 minutes. Lateral boundary
conditions are free slip everywhere. A rigid lid and a
flat bottom are chosen as upper and lower boundaries.
Velocities are initially (at ¢ = 0) in geostrophic balance
in the upper layer and at rest below, but due to the
nonzero centrifugal force, there is an adjustment after
t = 0. However, this small imbalance in the initial con-
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FIG. 5. A schematic diagram of the isopycnic, two-layer, primitive
equation model on a 8 plane. The model is configured in a two-
layer, 1000 km X 1000 km square domain with grid spacing 10 km
and time step 10 minutes. Lateral boundary conditions are free slip
everywhere. A rigid lid and a flat bottom are chosen as upper and
lower boundaries. The velocities are initially in geostrophic balance
in the upper layer and at rest below.

ditions does not affect the long-term evolution of the
ring. For all experiments shown hereafter, the param-
etersare fo = 10 sec™’, 3 =2X 107"s'm™, p
=1000kgm™>, Ap =1 kgm™>, g’ =102 ms™2, »
=100 m?s™!, H < 1 km, and H, = 1000 km. Ac-
cording to a simple potential vorticity analysis for a
flow under the eddy (“bump’), the lower-layer velocity
generated by the moving eddy (AU) is AU ~ fR;H/
H,, assuming that the horizontal length scale of an
eddy is of the same order as the deformation radius.
We selected H/ H, < 0.001, so that the lower-layer ve-
locity amplitude (AU < 3.16 X 1073 m s ') is negligible
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compared to the upper-layer motion. We shall first
study a lens on a # plane. ‘

b. Scaling

Before presenting our numerical runs, it is appro-
priate to present the scales of the associated parameters.
The general scaling presented below is relevant not only
for lenses but also for eddies with a finite depth along
the rim or quasigeostrophic eddies. The only difference
between the two cases is that for lenses the Rossby
number is of order unity whereas for the other eddies
(with the same length scale) the Rossby number can
be small.

1) MIGRATION DUE TO THE 3 FORCE

For an eddy with a typical azimuthal velocity of
Ro fo R; (where Ro is the Rossby number, which can
be of order unity, and R, is the Rossby radius), 8 and
the presence of the wall are causing an (accelerated)
meridional migration of O(BR% Rofot) (where ¢ is
time) because dv/dt ~ O(Byu). Hence, after a rela-
tively “long” time [O(BR,) '] the meridional speed
is Cs ~ O[Ro(g'H)'/?], which is of the same order
as the orbital speed. We shall see shortly that this speed
is also of the same order as the migration caused by
both the “rocket effect” and the image effect.

2) THE “ROCKET” EFFECT

To illustrate this effect it is recalled that the eddy is
pushed toward the wall by 8 at a westward migration
speed of ~O(BR3), it is assumed that the width of the
leakage is O(BR2/ fo). After a long time [O(1/8R)],
the generated leakage along the wall has a length
~O(Rofy/6), and a height ~O(H); therefore, the
leaked volume is ~O(RoHR?2). Since the speed in the
leakage is O[Ro(g'H)'/?], the leakage has a momen-
tum of ~O[Ro?HR%(g'H)"*}]. If the migration speed
produced by the leakage is denoted by Ciocket, then the
eddy’s momentum is ~ Crocel /R and by conserva-
tion of momentum, we obtain

Crocket -~ O[Roz(g,H)I/Z]:

which, for Ro ~ O(1), is of the same order as the drift
due to 3 but is always pointing in the opposite direction.

3) THE IMAGE EFFECT

The migration speed due to the image effect (i.e.,
due to the fact that there can be no flow into the wall)
is of the same order as the orbital speed,

Ci ~ O[Ro(g'H)'],

because at ¢ >> (8R,) ™! the eddy is forced into the wall
a distance of O(Ry). It is now clear that C; is of the
same order as the S-induced drift along the wall. For
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Ro ~ O(1) both speeds are also of the same order as
the “rocket” speed.

That, for Ro ~ O(1), all of the three migration
tendencies are of the same order, (g’H)'/?, shows that
it is impossible to tell in advance in which direction
the eddy will move as a result of its impact with the
wall. We shall see that all of our experiments show that
the image effect dominates even though the other two
effects are of similar order of magnitude. Of particular
surprise is the lens case, which is expected to be dom-
inated by the 8 force (i.e., the eddy is expected to go
downhill as shown in Fig. 4) and yet is dominated by
the image effect.

Note that the meridional open-ocean migration due
to Rossby wave radiation (e.g., see McWilliams and
Flierl 1979) is usually much smaller than our long-
wall drift. Even if the open ocean meridional speed is
taken to be as high as O(8R3), it is still usually small
compared to Ro(g’H)'/?. The ratio between the two
speeds is BR,/( foRo), which, even for quasi-
geostrophic eddies [Ro ~ O(0.1)], is of O(107"). In
view of this, we ignore the meridional drift due to
Rossby wave radiation. Similarly, the meridional
migration induced by topographic Rossby waves
{ ~O[S(g’'H)'"?], where S is the bottom slope, typi-
cally 1072 or 10~} is also small compared to the image
induced speed [Ro(g’H)'/?] because the eddys Rossby
number [ ~O(0.1)] is typically larger than the bottom
slope.

¢. Numerical study of a Gaussian lenslike eddy near
a wall

In this subsection, we examine the 8 force, the
“rocket,” and the image effect on a lenslike eddy. The
results of a typical run are shown in Fig. 6, which il-
lustrates that, in contrast to our intuition that the lens
will go “downhill” (i.e., southward) once it reaches the
wall, the ring moves “uphill” (i.e., northward). This
indicates that of the three migration mechanisms, the
image effect is the most dominant one. From an energy
conservation point of view, the surprising uphill
movement is possible because of the near-wall leakage,
which is related to Kelvin wave propagation. It is ap-
parent from Fig. 6 that the leakage is directed south-
ward so that the center of mass (of the lens and leakage)
does not, in fact, move northward (or uphill) and en-
ergy is conserved. The above experiment illustrates how
crucial the leakage is for the lens—wall interaction pro-
cess. Without it the lens could not have been dominated
by the image effect. Note that the lens average migration
speed along the wall is 0.4 km day™!, much smaller
than that of the quasigeostrophic eddies discussed
below.

3. Analytical study of a quasigeostrophic eddy along
a wall on an f plane

In contrast to the previous section where highly
nonlinear eddies were examined, we shall now study






