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Abstract. The collision of anticyclonic, lens-like eddies with a meridional western 
boundary is investigated as a function of two independent, nondimensional numbers: 
• = •{•R/fo and s: w/fo, where f0 and/30 are the Coriolis parameler and its rate 
of change with latitude, respectively, both evaluated at the reference latitude, R 
is the eddy's radius, and w is its angular frequency. The numerical experiments 
show that in all cases there is a southward expulsion of mass pr9portional to both 
/• and z, which is estimated during the eddy-boundary interaction. The eddies are 
invariably deformed with the initial collision, but afi. erward, they reacquire a new 
circular shape. There is a meridional translation of the eddy along the boundary 
which depends exclusively on the initial ratio r = s/fl. If r > 1, the eddy goes 
southward, but if r < 1, the eddy goes northward first and then so•thward. As the 
eddy loses mass and reacquires a new circular shape, there is a readjustment of/3 
and s such that • decreases because its radius becomes smaller and • increases by 
energy conservation. This implies that the eddies ultimately migrate southward. 
A formula derived for the meridional speed of the center of mass of the eddy is 
consistent with the numerical results. A physical interpretation shows that after 
collision a zonal force is exerted on the eddy by the wall which is balanced by 
a meridional migration. Nonlinearities induce a southward motion, while high • 
values could produce northward motion, depending on the mass distribution along 
the wall. 

1. Introduction 

Oceanic eddies continuously migrate westward, in 
part, oxving to /•, which means that eventually they 
would reach a western boundary. Therefore the study 
of the collision of anticyclonic, lens-like eddies with a 
meridional western boundary is of scientific interest. 
Although this paper does not relate to any particu- 
lar region, our principal motivation is the collision of 

.. 

anticyclonic vortices with the continental shelf of the 
Tamaulipas coast in the Gulf of M•xico. For example, 
the Loop Current regularly produces anticyclonic ed- 
dies when "the loop" breaks off from the main current 
[Ichiye, 1962; Elliott, 1982]. Once the vortices are iso- 
lated, with 100 to 200 km radii [Vukovich et al., 1979], 
they start to migrate westward, approximately 2 to 3 
km d -• [Elliott, i982], until they reach the continen- 
tal shelf at approximately 23øN, 95.5c'W [Kirwan et al., 
1988]. 
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We use an ocean model consisting of the shallow wa- 
ter reduced-gravity equations for one active layer on 
the/• plane and a numerical method of solution based 
on a particle-in-cell (PIC) method. This algorithm has 
been used succesfully in studies of isolated eddies on an 
f plane [Pavia and Cushrnan-Roisin 1988, 1990; Pavia 
and L6pez, 1994], but. here the model is extended to the 
• plane and includes a solid boundary. We model the 
western boundary as a meridional vertical wall. The 
boundary condition at this wall is of no normal flow, 
and it is modeled as if the numerical particles rebound 
elastically from it. 

All simulations were initialized with a circular rodon 

[Cushman-Roisin et al., 1985], i.e., an anticyclonic, lens- 
like eddy rotating as a solid body with parabolic depth 
profile on an f plane. The eddy's initial position was 
chosen far enough from the wall to allow for a short 
adjustment period in which the "discrete rodon" be- 
comes the numerical westward migrating solution on 
the/• plane. The numerical experiments were designed 
to study the eddy-wall interaction in parameter space, 
i.e., as a function of the two independent, nondimen- 
sional numbers, ,•q and s, which measure the eddy's size 
and intensity, respectively. 

The experiments show, in all cases, a southward ex- 
pulsion of mass proportional to/• and s; and, although 
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the eddies are invariably deformed with the initial col- 
lision, they eventually reacquire a circular shape. More 
important, we found that after the collision there is a 
meridional translation of the eddy along the wall that 
depends exclusively on the initial ratio r - •/fi; if r > 1, 
the eddy goes southward, but if r < i the eddy goes 
northward first and then southward. We derived a sim- 

ple formula for this meridional translation of the eddy, 
which is consistent with the numerical results. 

There have been several theoretical and observational 

studies of the collision of eddies against boundaries. 
Rossby [1948] showed that the effect of the latitudinal 
variation of the Coriolis parameter over the whole eddy 
exerts a meridional force directed southward for anti- 

cyclones in the northern hemisphere. In an open ocean 
this force is balanced with a westward motion maintain- 

ing a coherent structure [Cushman-Roisin et al., 1990]. 
However, the presence of the wall stops the westward 
drift, and thus the eddy is accelerated southward. This 
effect of the wall over the eddy was pointed out by Nor 
[1984]. Here we show analytically that, in fact, the wall 
exerts a zonal force on the eddy's center of mass, such 
that if fi << 1, the force is eastward and balanced by a 
southward motion. This translation is accelerated ow- 

ing to the meridional • force. Therefore our numerical 
results for r > 1 are in agreement, with this mechanism. 
For r < i the numerical results do not contradict the 

analytical results, but they are not conclusive. 
Other previous studies about the eddy's migration 

along free slip walls consider the image effect, i.e., the 
influence of the. eddy's image necessary to satisf.v the no- 
normal flow boundary condition (see, e.g., Pierrehum- 
bert [1980] and Shi and Nof [1994], for barotropic a•d 
baroclinic eddies, respectively). In these cases a north- 
ward (southward) drift is predicted for anticyclonic (cy- 
clonic) vortices. However, this result cannot be applied 
to strong. lens-like eddies. We should recall that as the 
effect of nonlinearities increases, the motion is no longer 
quasi-gec•strophic, annulling the existence of the. stream 
function; that is, there is no longer a one-.to-one relation 
between the stream function and the velocity field, and 
the image effect no longer can be established. 

An important process during the collision of anticy- 
clones is the presence of a southward mass expulsion. 
This has been shown by Nor [19884, b] through simple 
laboratory experiments. Besides confirming Nof's re-. 
sults, we found that this expulsion plays a decisive role 
in the evolution of the colliding eddy. 

Oceanographic observations of eddy-shelf interaction 
show no definite pattern for the migration of eddies. 
Evans et al. [1985] show southwestward migration along 
the isobaths for Gulf Stream warm-core ring 82B. Kir- 
wan et al. [1988] identify two anticyclonic eddies in the 
Gulf of Mexico that collide with the Mexican shelf and 

report that after the collision both of them undergo a 
brief adjustment and then migrate northward (but, in 
fact, after one of the eddies turned away a few kilo- 
meters from the slope, it changed its migration from 

northward to southward). Vukovich and Waddell [1991] 
describe the collision of an anticyclonic eddy with the 
western slope in the Gulf of Mexico in which the vortex 
adjusts to an elliptical shape with the major semiaxis 
oriented meridionally, rotating clockwise, and then mi- 
grates southward while decreasing in size. These obser- 
vational studies serve as motivation and offer guidance 
to our work; but, obviously, neither this study nor the 
previous model studies pretend to fully explain these 
observations. Recall that all model studies rely on dra, s- 
tic simplifications. Perhaps realistic simulations should 
include advection by coastal currents, topographic ef- 
fects, interaction with other eddies, and/or other phe- 
nomena. 

The rest of this paper is organized as follows: In the 
next section we begin by presenting the model equa- 
tions, then we describe the particle method and the 
initialization of the experiments. The main results of 
this work are presented in section 3, and their discus- 
sion constitutes section 4. In section 5 we enumerate 

the conclusions and recapitulate our findings. Finally, 
in the appendices we explain the implementation of the 
boundary condition and a quantitative measure of the 
expelled mass. 

2. Ocean Model 

1 

The shallow water equations for a 1 .• layer model on 
a • plm•e are: 

Ou Ou 

Ot t- u• x + 2,• (fo + "oy) 2' - --- - •, (1) 
Ov Ov Ov • Oh 

+ + + (fo + - (2) 
a(v) 

-o, 
Ot Ox Oy 

where x and y are eastward and northward coordinate, 
respectively; u and v are the corr•ponding velocity 
components; h is the active layer depth; f0 and •0 are 
the Coriolis parameter and its rate of change, resp•- 
tively, and g• = g(1- Pl/p2) is the reduced gravity, 
in which Pl and p2 are the densiti• of the active and 
inactive layers, respectively, and Pl • P2 (see Fibre 1). 

Equations (1)-(3) are nondimensionaliz• with the 
tangential speed •R for the velociti•, R for the hori- 
zontal length scale, Hm • R2•fo/g• for the depth scale, 
and f• 1 for the timescale. We then obtain the following 
nondimensional system: 
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z T 
Eulerian grid. therein obtaining the spatial derivatives 
by finite differences, and then interpolating back the 
pressure gradients to the particles positions. We use a 
Hanning filter for the h field (see Pavfa and Cushma•- 
Roisin [1988] for details). 

The kinematic boundary condition at rigid walls is 
that there be no flow normal to the boundary. In our 
Eulerian-Lagrangian method we implement this con- 
dition assuming that the particles rebound ellastically 
from the wall, as explained in Appendix A. 

2.2. Model Initialization 

All simulations were initialized with a circular rodon 

[Cushman-Roisin et al., 1985], which is an anticyclonic, 
lens-like eddy rotating as a solid body with parabolic 
depth profile. Using a frame of coordinates with the 
origin at the eddy's center, the depth and velocity fields 
are 

h-U 1- R2 , (12) 

P2 U 2 =0 

P•< P2 (33 

X 

Figure 1. Schematic view of the frontal eddy model. u--coy, (13) 

where the nondimensional parameters are 

3oR 
-Yoo' /0' 

where co is the eddy angular frequency and R is the 
eddy radius. 

2.1. Numerical Implementation 

In the PIC method used to solve (1)-(3) the aaive 
layer is approximated by a large number N of particles, 
whereas the passive layer is represented by regions with 
no particles. Essentially, this method solves at every 
time step the following system for each particle: 

Dxi 
Dt 

- (8) 

Dv• 
Dt 

Dyi 
(9) 

Dt 

(fo + l?oyi)v• -g• (Oh) 
-(fo + - 

(10) 

(11) 

i: 1, 2,..., N; here (xi, Yi) and (u,, vi) are the posi- 
tion and velocity of the ith particle, respectively. Since 
each particle keeps its volume constant,, the continu- 
ity equation (3) is implicitly satisfied. Then, we have 
control over the particle's positions and velocities at all 
times. From them we obtain the Coriolis force, but the 
pressure gradient force is evaluated by first extrapolat- 
ing the particles's contribution to the h field over an 

v - -cox, (14) 

for0_<x 2+y2<_R 2, andh-u-v-0forx 2+y2 > 
R 2, where H is the maximum depth given by 

R 2 
H- co(f0 -co), (15) 

2g • 

with co < fo [Cushman-Roisin et al., 1985]. In the nu- 
merical code we prescribe co and R, whereas H is ob- 
tained from (15). In all experiments the reduced gravity 
was kept constant with a value of 10 -2 m s -2. 

The numerical experiments start with a short adjust- 
ment period (5 to 20 days) in which the exact solution 
on the f plane becomes the numerical westward migrat- 
ing solution on the fi plane, so the eddy's initial position 
was chosen far enough from the wall. 

The physical domain of the experiments was a 990 
x 990 km 2 ocean with a resolution of Ax -- 10 km 
and a radius of deformation of about 30 km. When we 

increased the resolution to Ax -- 5 km and thus the 

number of particles increased fourfold, only a small dif- 
ference in the results was found. However, since this 
is at a nmch higher computational cost, we chose the 
original grid and number of particles, N - 10, 981. An 
empirical rule is that in order to have a robust algo- 
rithm, we nmst have 10 to 15 particles per cell in the 
active region [Pavia and Cushman-Roisin, 1988]. In 
contrast to these authors, we use particles of different, 
volume; at, t - 0 they decrease in size from the center 
to the edge of the eddy to try to ensure that even the 
shallowest regions are well resolved. This is preferable 
than an explicit check on the number of particles per 
cell, which would be computationally very expensive. 
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3. Numerical Results 

We performed two different experiments. In the first 
experiment we try to find the influence of the four pa- 
rameters, f0, •q0, •v, and R, on the eddy's behavior when 
it senses the wall. This means that we chose arbitrary 
values for these parameters, even if they do not corre- 
spond to very realistic cases. In the second experiment 
we use typical values of f0 and/•0 from a fixed latitude 
and •a and R for oceanic eddies. 

The position in the e versus/• space of each of the 18 
runs of the first experiment, is shown in Figure 2a. In 
general, we observed the following behavior: (1) When 
the eddies touch the wall, invariably a southward loss 
of mass is produced. (2) Just after the collision, the ed- 
dies are deformed at the west side owing to the presence 
of the wall. This deformation is proportional to their 
zonal velocity. After the initial impact the reinanent 
eddy shows a clear core which adjusts to an approxi- 
mately circular shape with new e and/•. The west side 
deformation is more evident when/• is large; when this 
is the case, the eddy seems to take an elongated shape. 
(3) The eddies' core translates meridionally southward 
when initially, r ;> i (• ;> /•), and northward in the 
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Figure 2. Parameter space showing the runs of (a) 
experiment 1 and (b) experiment, 2. The runs marked 
with circles (crosses) are those when the eddy migrates 
to the south (north). 
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Figure 3. (a) Depth contours of case 12 from exper- 
iment 2 (with two independent nondimensional num- 
bers fi = 0.075, e - 0.095) shown at, different, times 
(days). (b) Depth contours of case 2 from experiment 2 
(•q = 0.075, e = 0.03) shown at different times (days). 

beginning and then southward when initially, r < 1 
< 
In the second experiment we fixed the planetary vor- 

ticity f0 and its gradient /•o at a latitude of 23øN 
If0 -- 5.66 x 10 -• s -•, /•0 -- 2.09 x 10 -•1 (m s)-l], 
where the Loop Current eddies are likely to interact 
with the continental shelf [Kitwan et al., 1988; Vukovich 
and Waddell, 1991]. In this experiment we only change 
the radius and the angular speed with realistic values 
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for oceanic eddies. The position of the runs of this ex- 
periment in the • versus • space is shown in Figure 2b. 

A couple of examples of the evolution of the eddy-wall 
interaction from the second experiment are presented in 
Figure 3, where we show the depth contours of the nu- 
merical solution at selected times. Run 12 (½ = 0.095, 
• = 0.075) has • > •, and we can observe clearly the 
southward mass expulsion, the eddy's circular shape af- 
ter collision, and its southward migration (Figtire 3a). 
Run 2, with e - 0.03 and • = 0.075, i.e., • > e, shows a 
greater loss of mass (however, the process is more com- 
plicated) and a more evident west side deformation, but 
now the initial movement is northward and afterward, 
southward (Figtire 3b). In both cases the southern, 
northern, and eastern boundaries are open. In run 2 
the time intervals are larger than in run 12 because the 
eddy is weaker. Although we consider the entire mass 
expulsion process to be important, some of the smallest 
blobs might not be well resolved numerically. 

We should mention that in this experiment, we can 
make better quantitative measurements than in the first 
one. In particular, we can measure more easily the 
southward loss of mass. 

3.1. Meridional Migration: Initial • and/3 

We have found that eddies with • > • move south- 
ward and those with • > • move initially northxvard 
and, afi, erward, southward. This behavior is confirmed 
in Figure 4, where we plot the position of the eddy's 
core at different times for runs 2 (/• > •) and 12 (/3 < •) 
of the second experiment; the northward displacement 
of run 2 is small, with respect to the initial eddy's ra- 
dius, but is evident,. We define the eddy's core as the 

fluid whose depth is such that h > 0.1H; that is, we 
exclude the expelled fluid of small depth. 

The northward movement decreases when the eddy 
loses mass, and the eddy is forced to adjust to a new 
shape with different • and •, as discussed in section 3.2. 

3.2. Evolution of the Collision: Changes in • 
and/• 

The southward mass expulsion is directly related to 
the nondimensional numbers • and 3; that is, the larger 
they are, the greater is the mass expulsion. Figure 5 
shows the • versus • space of the second experiment 
with the percentage of mass expelled 150 days after the 
eddy collided with the wall. We found that the expelled 
mass is approximately proportional to • and •. The 
method used to measure the expelled mass is explained 
in appendix B. 

Furthermore, after the collision and deformation the 
remanent eddy reacquires a circular shape, so we as- 
sume that we can identify it with new values of fi and 
•. The loss of mass implies that 3 decreases because the 
radius decrease•s and that s increases owing to energy' 
conservation. as discussed in section 4.3. We can obtain 

the new 3 once we approximate the new radius because 
• = /3oR/.fo. To get the new •, we look for the new 
characteristic angular speed. If we start from the maxi- 
mum depth of a circular rodon [see (1,5)], with H and R 
known, we can solve for w and then compute • = w/fo. 
Thus we measure the maximum depth and the approx- 
imated radius for each case of the second experiment in 
order to get the new • and •. 

One of the main results of this work is summarized 

in Figure 6. It shows the initial and final position of 
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Figure 4. Positions at different times (days) showing the meridional migration of the main eddy 
of runs 2 (crosses) and 12 (circles) from experiment 2. 
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Figure 5. Percentage of mass expelled from the runs 
of experiment 2, 150 days after the collision. 

the eddy (150 days after collision), in parameter space, 
joined •vith a straight line. Figure 6 clearly shows that 
• increases and/3 decreases such that the final position 
of the eddy in parameter space is always in the region 
where the eddies move southward (• >/3). 

4. Discussion 

4.1. Southward Mass Expulsion 

The presence of the wall stops part of the eddy's flow 
at the southwest side because of its anticyclonic rota- 
tion. Thus the fluid near the wall tends to be expelled 
southward. 

This process has been studied analytically by Nof 
[1988a, b] for barotropic and baroclinic eddies barely 
touching a wall on an f plane. Anticyclonic eddies tend 
to leak fluid on their right-hand side (looking offshore), 
whereas cyclonic eddies leak on their left-hand side. 
In addition, Nof [1988b] presents physical evidence of 
this phenomenon by means of simple laboratory exper- 
iments. 

In this study we found numerically that the south- 
ward mass expulsion persists on the/3 plane and, more 
important, in('reases as/3 and • do because the vortex 
is continuosly pushed toward the wall. This pressing is 
due to the eddy's westward speed before the collision, 
which is O(,3foR'a2/R), where Rd is the deformation 
radius [Cushman-Roisi• et al., 1990]. Let us assume 
that the mass expelled after a period w -1 - (•f0) -1 
has a width O(3R/eR), a lenh O(R), and a depth 
O(•H) (see also Shi and Nor [1994] for a similar anal- 
ysis). Then. the rate of expelled volume (cubic meters 
per second) is O(foHR). Considering the initial vol- 
ume of the eddy as O(HR2), the percentage of expelled 
mass per second is P - 100.x O[/3•fo(Rd/R)•']. Us- 
ing the deformation radius Fta - (g'Hm.)l/2/fo. where 

H,• is the mean depth of a rodon (see section 2), the 
percentage becomes P: 100 x O(/•s2f0). Recall that 
this approximation gives only orders of magnitude that 
are roughly in agreement with the runs of experiment 
2. For instance, the predicted percentages of expelled 
mass in runs 2 and 12 after 150 days are 5% and 50%, 
respectively, while values of 24% and 60% were mea- 
sured (see Figure 5). The differences may be due to 
changes in fi and • as the eddies lose mass, but orders 
of magnitude are correct,. 

4.2. Meridional Migration 

In order to understand the eddy's behavior interact- 
ing with the wall, we now obtain an analytical expres- 
sion for the meridional migration. Owing to the prob- 
lem's complexity, some assumptions are necessary, but 
the main physical mechanisms are considered. We fol- 
low the formalism used by Ball [1963] for a rotating fluid 
lying on a paraboloid. Ball defined the coordinates of 
the eddy's center of mass and derived the equations for 
its time evolution. Killworth [1983] applied this method 
to describe the zonal motion of mesoscale eddies in an 

open oc. ean, and Cushrnan-Roisin et al. [1990] extended 
Killworth's results. In this study we consider a semi- 
infinite plane bounded by a wall and derive the equa- 
tions of motion for the center of mass of an eddy col- 
liding with it. We then obtain an expression for the 
meridional migration. Recall that our purpose is not 
to derive a general formula for the meridional drift but, 
rather, to understand the physical mechanisms observed 
in the numerical results. 

4.2.1. Formula. In nondimensional form the prob- 
lem is defined by the momentum equations (4) and (5) 
and the mass equation (6), together with the boundary 
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Figure 6. Stick diagram showing initial and final states 
in the parameter space from experiment, 2, 150 days 
after the collision. Number indicate the run and the 
initial state. 
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conditions u = 0 at x = 0 and u = v = h = 0 outside 

the vortex. 

Consider the semi-infinite plane 0 < x < c•, -c• < 
y < c• bounded by a meridional vertical wall at x = 0. 
The vortex-wall collision is idealized in Figure 7, where 
$ is the horizontal area where fluid is in motion and 
is its material boundary. Note that h is zero along 
except at the wall. Let the eddy's volume 

v - f hdS 

b 

a 

X:O 

Figure 7. The idealized vortex-wall collision. $ is the 
area where the fluid is in motion, and (b is its material 
boundary: active layer depth h is zero along (b, except 
at the wall (between a and b). Note that the mass 
expulsion has been neglected. 

be a constant (dV/dt - 0); that is, the southward mass 
expulsion is ignored. Note that (6) implies that the 
whole volume of the fluid in motion is a constant. 

The coordinates of the eddy's center of mass are de- 
fined as 

VX - f xhdS 
VY - / yhdS. 

Using the Reyn()ld's transport theorem and (6), we ob- 
tain 

f V-•-• - e hudS 

vdY f dt - e hvdS. 
Differe•tiating again and using (a) and (5), we get 

d2X_vdY e ••h2(O,y,t)dy+e• f hyvdS (16) 
d 2 Y dX -e• f hyudS. (17) - 

The first term on the right-hand-side of (16) appears b• 
cause of the wall since hlx=0 • 0. This term represents 
the force exerted by the wall over the vortex during the 
collision as previously discussed by Nor [1984] (see b• 
low). The integral of hhy vanish• since h vanish• at 
the northern, southern, and e•tern boundaries of S. 

B•ause of the wall's presence, the vortex cannot pen- 
errate and dX/dt • O. This restriction is the "boundary 
condition" for the eddy's center of m•s imposed by the 
wall. We exanfine the validity of this assumption at the 
end of this subsection. In addition, the geostrophic a• 
proximation is used to eliminate u and v from (16) and 
(17). After some manipulations, 

y, t)y - y, t)y dt 2V 

2) (is) 

_ f + (10) dt 2 2V 

Equation (18) shows the balance of forces on the cen- 
ter of mass in the zonal direction; the force exerted by 
the wall during the collision is balanc• by a meridional 
translation dY/dt. This effect is similar to the mi•a- 
tion of eddies in an open ocean where the southward • 
force (produced by the imbalance of the Coriolis force 
within an anticyclonic eddy) is balanced by a w•tward 
motion [Cushman-Roisin et al., 1990]. However, there 
are important difference; the meridional nfigration can 
be northward or southward, depending on the sign of 
the inte•als along the boundary on the right-hand side 
of (18), whereas for open ocean eddies only westward 
motion is possible. 

To illustrate this, consider that, for most oceanic 
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cases, fi << 1 and thus the first integral of O(s) domi- 
nates the second one of O(s/•). The O(s) integral is pos- 
itive, and thus the force exerted by the wall is directed 
eastward. Then, this force is balanced by a southward 
meridional migration proportional to s. This is con- 
sistent with our numerical re.suits, where s shows an 
influence on the southward motion. With dimensions, 
the meridional speed is 

g' f• h2(O, y, t)dy 
½m -• 270 f hdS (20) 

Recall that we neglected the mass expulsion. How- 
ever, as long as the eddy keeps an approximately circu- 
lar shape, it can be identified with new/3 and z values 
and the same procedure is applied for each "new" vor- 
tex. [Then, as • decreases and z increases, it reinforces 
the southward migration given by (20)]. 

The migration could be northward if f• is O(1) and 
if there is a northern distribution of h2(0. y,t) along 
the wall such that the second term on the right-hand 
side of (18) becomes negative and larger than the first 
one. This unlikely situation would induce a northward 
motion of the eddy. 

On the other hand, there is no balance of forces in the 
meridional direction, where only the/3 force is present. 
accelerating the vortex southward (see (19)). This is 
also consistent with our numerical results in the case of 

• </3, where the eddy goes northward first, stops, and 
then moves southward. 

Although (20) gives a physical interpretation of the 
meridional migration of lens-like eddies, some aspects 
should be noted. First, the meridional migration de- 
pends on the depth field at the wall, h(0, y, t), which 
is unknown. We are, however, more interested in the 
sign of c,• than in its numerical value. Second, in order 
to have a meridional migration, we assumed, based on 
the numerical results, that the eddy's center of mass 
does not, move in the zonal direction (dX/dt ..• 0 and 
d2X/dt 2 -.• 0). The present analysis therefore cannot 
be extended to more general situations. 

4.2.2. Related studies. As mentioned in sec- 

tion 4.2.1, anticyclonic eddies in an open ocean do not 
move southward, even though the f• force is present., 
because it is balanced by the eddy's westward transla- 
tion [Cushman-Roisin et al., 1990]. However, if there 
is a meridional western wall, the wall stops the eddy's 
westward translation and thus the f• force accelerates it 
southward. Nof [1984] proposed this mechanism in an 
analytical work of the eddy-wall interaction in a two- 
layer model, stating that the f• force must push the eddy 
southward. In Nof's analysis a steady state is reached 
when a northward boundary current at the lower layer 
balances the/3 force effect. When the lower layer is at 
rest (present study), this balance is not possible and the 
vortex can be accelerated southward (see (19)). In the 

zonal direction, Nor found that the force exerted by the 
wall is 

g' fab h • (0, y, t)dy 
but is balanced by the corresponding zonal component 
of the lower layer. As shown in section 4.2.1, with a mo- 
tionless lower layer, this force is balanced by a merid- 
ional migration (see (18)). 

We speculate that the weak northward migration 
could also be related to the southward mass expulsion, 
i.e., with the rocket effect mentioned by $hi and Nor 
[1994], where the expelled mass pushes the eddy north- 
ward. To explore this possibility, we ran several numeri- 
cal experiments in which the eddy was placed in contact 
with the wall from the beginning, as in the work by $hi 
and Nor [1994]. However, in contrast to these authors, 
our initial fields are frontal while theirs are Gaussian. 

The results showed a large southward mass expulsion 
and a weak northward migration. Afterward, the eddies 
recovered their circular shape and moved southward as 
before. 

On the other hand, barotropic and quasi-geostrophic 
eddies are dominated by the image effect [Pierrehum- 
bert, 1980; $hi and Nor, 1994]; that is, along a west- 
ern wall, anticyclones move northward. $hi and Nor 
[1994] concluded that the same rule could be applied 
for lens-like eddies. We agree with the former result, 
where the influence of the undisturbed surrounding fluid 
might be decisive on the eddy's motion. However, we 
believe the image effect could not be established for 
lens-like eddies. In fact, we should recall that as e --+ 1, 
i.e., as the effect of nonlinearities increases, the motion 
is no longer quasi-geostrophic and voids the existence 
of the stream function. The analogy between vortices 
and electric charges in electrostatics, namely, X72(I) = q, 
where (I) is the electric potential (stream function) and 
q is the electric charge (relative vorticity), which is im- 
plied when invoking the image effect, can no longer be 
established. 

4.3. Eddy Readjustment 

The meridional movement along the wall is associated 
to the changes in • and/3 due to the mass expulsion. 
That is, • increases by energy conservation because as 
the eddy loses mass, the depth and the potential energy 
decrease, while the kinetic energy increases. On the 
other hand, /• decreases simply because the radius is 
decreasing. 

After the collision the remanent eddy tends to reac- 
quire a circular shape, and we can expec. t the northward 
impulse to diminish. Also, the increasing of nonlineari- 
ties induces the final effect to be the southward migra- 
tion. Note that the/3 force also decreases, but this does 
not hinder the southward movement. 
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5. Conclusions 

We have studied the collision of anticyclonic, lens-like 
eddies with a meridional western boundary by means 
of a numerical model. A particle-in-cell method is 
used to solve the reduced-gravity shallow water equa- 
tions on a • plane. The collision has been explored 
for the first time in full parameter space, namely, as a 
function of two independent, nondimensional numbers' 
3 - 3oR/fo and • - w/fo, which measure the eddy's 
size and intensity, respectively. 

When the eddy collides with the wall, it expels mass 
to the south. The amount of expelled mass has been 
estimated, and it is proportional to • and 3 (Figure 
5). The eddies are invariably deformed with the initial 
collision, but afterward, they reacquire a new circular 
shape. There is a meridional translation of the eddy 
along the boundary that depends only on the initial 
ratio r- •/f); if r > 1, i.e., if initially, nonlinearities 
dominate over the 3 effect, the eddy goes southward, 
and if initially, r < 1, the eddy goes northward first 
and then southward. 

To investigate the physical mechanisms of the eddy's 
behavior, we derived the equations of motion of the 
eddy's center of mass, which show that the meridional 
drift is necessary to balance the zonal force exerted by 
the wall on the eddy (equation (18)). This meridional 
motion is always accelerated southward by the • force 
(equation (19)). For 3 << 1 the force exerted by the 
wall is directed eastward and the meridional migration 
is toward the south, given by (20), and proportional to 
s, which is consistent with the numerical results. (This 
is similar to the westward drift of the eddy in an open 
ocean which balances the southward 3 force.) The anal- 
ysis is not conclusive for r < 1 because it is not possible 
to determine the sign of the meridional speed in (18), 
which depends on the distribution of mass along the 
wall. However, the numerical results suggest, that ,3 is 
directly responsible for the eddy's deformation because 
its westward speed is proportional to fl. We speculate 
that this deformation may cause a mass distribution 
such that the meridional migration becomes northward. 
Such behavior is observed only when r < 1, i.e., • < 3- 

Therefore the 3 force and the nonlinearities induce 
the eddy to move southward, whereas the deformation 
of the eddy. caused by the collision, might be respon- 
sible for its northward motion. Other possible mecha- 
nisms for the northward translation, cited by previous 
authors [e.g., Shi and Nor. 1994], are the rocket and im- 
age effects. However, for strongly nonlinear eddies, we 
argue against the latter. 

The mass expulsion allows the reinanent _eddy to teac- 
quire a new circular shape, diminishing the northward 
impulse. As the eddy loses mass, there is a readjust- 
ment of 3 and s such that 3 decreases because its ra- 
dius becomes smaller and s increases by energy conser- 
vation. This means that the eddy parameters tend to 
become r > 1, and therefore the eddy ultimately mi- 
grates southward. 

Appendix A' The Boundary Condition 
A1. Implementation 

The boundary condition of no flow normal to the 
boundary was implemented in the following way: In 
a right hand side coordinate system, let us call B the 
abscisa value of the wall's zonal position, chosen ar- 
bitrarily as a meridional line on the grid. Suppose 
that at time t there is a particle with zonal position 
xi such that x,(t) > B, and at the next time step, 
xi(t d-At) < B; that is, it would cross the bound- 
ary. If the particle rebounds ellastically, its zonal po- 
sition is x[eb(t d- At) = 2B- xi(t d- At), and the 
velocity component normal to the wall changes sign, 
u[.eb(t d- At) -- -ui(t). In other words, the boundary 
condition is such that the normal velocity of the parti- 
cle, averaged before and after it hits the wall, is zero. 
The meridional position and velocity component remain 
unchanged. This is done very easily within the numer- 
ical code with an "if" statement as follows: 

if x•(t + At) < B then 
ß ,(t + = - x,(t 

(t + st) = (t) 
yi(t + At) = yi(t + At) 

end if 

A2. Variations to the Elastic Rebound 

One way to test the validity of the boundary condi- 
tion is to repeat some runs, making the particles re- 
bound in a random direction but preserving the speed 
magnitude to avoid loss of energy. The results we found 
with both types of rebound were qualitatively very sim- 
ilar. We also tested some other variations to the bound- 

ary condition, for example, replacing the particle to its 
original position and changing only the sign of the nor- 
real velocity con•ponent u, repositioning the particle on 
the boundary and setting u to zero, and changing only 
the sign of • without any reposition of the particle. In 
all these variations we found only small changes in the 
results. b•t,, in general the behavior of the eddy was the' 
same. The reason for this apparent insensitivity to vari- 
ations of the boundary condition is related to the small 
changes in the position of the particles when they arrive 
at the wall. This means that, when they rebound, they 
are repositioned, at most, 0.5 km, while the grid size 
is 10 kin. Thus it, is of little importance how we make 
this repositioning because the overall influence over the 
grid (and the pressure gradients) is very small. In the 
cases xvhere xve set u- 0, the energy is not conserx ed as 
in the elastic rebound because we are eliminating one 
component of the velocity. 

Appendix B' Quantitative Measurement 
of the Expelled Mass 

Here we describe how we measured the eddy's mass 
expulsion in the second experiment. These measure-. 
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ments are approximated because we use a subjective cri- 
terion to determine which particles belong to the eddy 
and which particles have been expelled from it. 

The following method was used: We left open the 
southern boundary, resulting in a loss of particles. If 
this boundary were closed, the particles would go around 
in the square ocean and rejoin the eddy with the possi- 
bility of affecting its evolution. From a numerical point 
of view we set to zero the volume of each particle that, 
leaves the southern boundary. Then, 150 days after the 
collision, we estimated the eddy's radius R150 and the 
position of the maximum depth (XH, YH). Finally, we 
measured the mass contained in the square whose side 
has a length of 2R1.•0 and its center is at, (XH, YH). We 
could use the circle of radius R150, but it is easier to use 
the square. The, error is negligible because the mass at 
the perimeter is small compared with the total. A more 
precise way to make this measurement. would be to fit 
a rodon by least squares [Pavfa and Ldpez, 1994]; how- 
ever, for the purposes of this investigation the procedure 
just described yields acceptable results. 
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