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ABSTRACT

Alongshore migration of a western boundary current separation is investigated with a nonlinear inviscid
reduced gravity model on an fplane. Separation due to a collision with an opposing current is considered. It is
known that for such a case stationary collision and separation is possible only for boundary currents with
“‘balanced’’ transports, that is, equal near-wall depths. The authors perturb this stationary solution with a small
steplike variation of the opposing current transport and focus on the resulting time-dependent flow. Two different
analytical methods to compute the migration rate are used. The first method involves integrated balances, and
the second involves the path equation for the separated flow.

Using the first approach, it is found analytically that the flow consists of one current intruding into the area occupied
by the other. After an initial adjustment period the intrusion becomes steadily propagating. The width of intrusion is
much greater than the width of boundary currents, whereas the migration speed is much smaller than the speed of the
currents. The speed of the opposing current intrusion into the main western boundary current is given approximately
by the formula C ~ (g'H)"*(D? — D3)*/4D3}, where H is the undisturbed depth of the main poleward flowing
current, D, is its depth near the wall (nondimensionalized by H), and D, is the opposing current near-wall (nondi-
mensional ) depth. Due to the nonlinearity of the process, the expression for the opposite speed (i.e., the main western
boundary current intrusion into the opposing current) has a similar looking but different form.

Using the second approach, the original initial value problem is reduced to a time-dependent path equation
for the separated current. It is shown analytically that, as should be the case, in the limit 7 — o the path equation
solution is identical to the earlier solution for the steadily propagating intrusion. The migration process exhibits
an hysteresis; that is, the progression of the separated currents. differs from its corresponding regression.

Application of the theory to the collision and separation of the Brazil and the Malvinas Currents is discussed.
It is suggested that the observed migrations of the separation latitude may be caused by seasonal changes of the
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Malvinas Current transport.

1. Introduction

The separation of western boundary currents has
been the subject of investigation for the last 50 years.
However, existing theories of separation predict a sep-
aration latitude that is stationary for given properties
of the current. In this article we present a theory of
western boundary currents separation that is unsteady,
that is, it drifts in the north—south direction.

a. Observational background

This work has been motivated by the observations
that the Brazil Current (Fig. 1) separates from the con-
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tinent in different locations at different times. The sep-
aration latitude constantly fluctuates and has been ob-
served (Olson et al. 1988) to change as much as 800
km in a season (Fig. 2).

The Brazil Current is a warm saline current that
flows poleward along the continental margin of South
America (Fig. 1). At some point off the coast of Ar-
gentina and Uruguay it encounters the cold and fresh
waters of the Malvinas (Falkland) Current, which
flows in the opposite direction. Both currents then turn
offshore and form a series of large-scale meanders in
aregion known as the Brazil—Malvinas confluence. Ol-
son et al. (1988) associate the southernmost front of
the Brazil Current with the 21°C isotherm and the
northernmost edge of the Malvinas Current with the
16°C isotherm. The transition area between these two
fronts is filled with mesoscale eddies and extends far
into the ocean interior. This region is now recognized
as one of the most energetic zones in the World Ocean
and recently has become the subject of intense study.
An excellent review of observatjonal results in this area
is given by Peterson and Stramma (1991). Hydro-
graphic data is reported in Reid et al. (1977), Gordon
(1981), Gordon and Greengrove (1986), Roden
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FIG. 1. Averaged mass transport of the upper 1000 m in the western Argentina Basin based on the
hydrographic data (adapted from Confluence Principal Investigators, Eos, 1990).

(1986), and Gordon (1989). Reid et al. (1977) locate
the confluence zone in the mean between 36° and 39°S.

Temporal variability in the confluence region was
studied using satellite-derived sea surface temperature
(SST) data (Olson et al. 1988; Podesta et al. 1991;
Provost et al. 1992), satellite altimetry data (Provost
and Le Traon 1993), and data obtained from a de-
ployed array of inverted echo sounders (Garzoli and
Garaffo 1989; Garzoli 1993). All of these studies re-
veal temporal changes in the separation latitude of the
Brazil Current. Olson et al. (1988) have found that the
Brazil Current separates from the continental shelf and
slope in the mean at 35.8°S with a standard deviation
of 1.1° and a total range of 4.8°. The separation is north
of the zero wind-stress curl line, located near 47°S to
48°S. Podesta et al. (1991) analyzed 4 years of NOAA
Advanced Very High Resolution Radiometer data and
found a strong annual cycle, which explains a high por-
tion of the SST variability in the confluence region.
Provost et al. (1992) studied the SST dataset compiled
by Olson et al. (1988) and observed the dominance of
annual and semiannual signals. Using dynamic height
records derived from inverted echo sounders data, Gar-
zoli (1993) observed northward penetration of the Mal-
vinas Current during the austral winter. Garzoli and

Garaffo (1989) describe the migration of the front of
the order of 100 km within a 12-month period.

b. Theoretical background

The earliest models of wind-driven circulation and
separation (Munk 1950; Munk and Carrier 1950) were
based on linearized equations of motion and repre-
sented the ocean as a layer of constant density. In this
case the flow pattern in the basin has a form of two
counterrotating gyres with intense currents along the
western boundary. Both currents separate from the west
coast and form a straight eastward drift at the latitude
where the wind stress curl vanishes. Separation of west-
ern boundary currents is, therefore, explained by the
vanishing of meridional Sverdrup transport in the ocean
interior.

An examination of the density stratification in mod-
els of western boundary currents provides a different
explanation of their separation. Poleward increase of
the Coriolis parameter can only be compensated by the
growing difference between the upper-layer thickness
in the ocean interior and the thickness at the western
boundary of the current. Charney (1955) and Morgan
(1956) have shown that, consequently, a poleward
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FiG. 2. Time series of the separation latitude position for the Brazil Current (adapted from Olson et al. 1988). Note that,
although the migration has some seasonal component, the general drift is not periodic.

flowing inertial boundary current cannot exist past a
critical latitude at which point the depth of the upper
layer at the western boundary vanishes. They con-
cluded that at this point the current is forced to separate
from the coast and veer offshore. Parsons (1969) in-
corporated this mechanism of upper-layer outcropping
in a model of wind-driven circulation in a closed basin.
Kamenkovich and Reznik (1972) extended Parsons’
(1969) results to a two-layer model. Moore and Niiler
(1974) gave a detailed analysis of physical balances in
the vicinity of the separation point in the framework of
a purely inertial reduced gravity model.

Another explanation of the separation relates this
phenomenon to the topography of the continental slope
and margin. It was shown that both changes of the bot-
tom slope (Warren 1963; Greenspan 1963) and irreg-
ularities of the coastline geometry (Stern and White-
head 1990) may cause the boundary current to separate
from the coast. It is believed that the separation of the
Gulf Stream occurs under strong topographic control
(Olson et al. 1988), but this is probably not the case
with the South Atlantic.

A different approach to the separation problem was
recently proposed by Agra and Nof (1993, hereafter
referred to as AN). In their model, the western bound-
ary current is driven offshore by the impact of the coun-
tercurrent flowing in the opposite direction. Note that
this current also appears in the double-gyre models of
the general circulation (Munk 1950; Munk and Carrier
1950; Cessi 1990, 1991) but, due to the absence of
nonlinearity, it plays a passive role in the separation
process. The separation mechanism of AN is indepen-
dent of £, wind stress field, or basin geometry. Nof
(1993) has shown that in the presence of  the system
of colliding currents together with the separated current

has a tendency to drift uniformly along the coast. Agra
and Nof established that, even on an f plane, the col-
lision cannot be steady. Steady separation can occur
only for a limited set of opposing currents with match-
ing properties. Since in most cases this matching is not
achieved, they predicted that this should lead to non-
steady separation and temporal displacement of the
separation point along the western boundary.

For a review of recent numerical studies of western
boundary currents separation the reader is referred to
Ierley (1990), Cessi et al. (1990), Cessi (1991), Chas-
signet and Bleck (1992), and the references mentioned
therein. Modeling studies of the general circulation in
ocean basins with realistic numerical models (i.e., in-
cluding bottom topography, geography of the coastline,
parameterization of air—sea interaction, and driven by
observed winds) are numerous and need not all be re-
viewed here. We shall only mention some of these stud-
ies that deal with space~time variability of the sepa-
ration. Thompson and Schmitz (1989) have found that
the position of the Gulf Stream depends on the strength
of the opposing deep western boundary current. Nu-
merical experiments indicate that the separation lati-
tude of the Brazil Current depends on mass transports
of the Brazil and the Malvinas Currents (Matano 1993)
and experiences changes due to wind induced varia-
tions in both transports (Matano et al. 1993; Smith et
al. 1994).

¢. Present approach

We shall study the separation of a western boundary
current in the framework of a baroclinic ‘‘reduced
gravity’’ model on an f plane and consider separation
of a western boundary current due to the impact of the
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opposing current. We shall assume that in the local sep-
aration dynamics the role of the ocean interior and wind
forcing is minor. Implicitly, however, wind forcing is,
of course, present in our model as the agent that sets
up the interacting currents in the first place. The novelty
of our approach is that we shall consider separation as
a nonstationary process and look for time-dependent
solutions to the shallow-water equations. We shall ad-
dress a fully nonlinear problem that is not restricted to
being quasigeostrophic.

Consider two currents with equal densities flowing
above an infinitely deep layer of a denser fluid. The
currents flow along a vertical western wall in opposite
directions, collide at some point along the wall, and

veer offshore in the form of a single separated jet (Fig..

3). For simplicity, we shall first address the problem
in the Northern Hemisphere. We shall refer to the pole-
ward flowing current as the main current and to the
southward current as the counter (or opposing) current.
We shall assume that the potential vorticity of the main
current is uniform and that the upper-layer depth
reaches a constant value H far away from the western
wall. Initially we shall assume that the potential vortic-
ity of the countercurrent is zero and that the corre-
sponding interface strikes the surface of the ocean at
some distance from the wall. It will become clear later
that the choice of the potential vorticities has no sig-
nificant influence on the problem.
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Agra and Nof’s results show that a stationary solu-
tion exists only for colliding currents that are ‘‘bal-
anced.”” Balanced currents satisfy a condition that their
upstream near-wall depths and velocities are equal,
which is necessary for the conservation of mass in the
system. We shall perturb a steady solution of AN by
introducing a small variation to the countercurrent
transport and focusing on the resulting time-dependent
flow, which is a slow adjustment on an f plane result-
ing from a nonlinear advective process. Our aim is to
understand the associated dynamics of the nonstation-
ary separation. ‘

First we shall assume (and later confirm) that the
flow at r = o has a form that is steady in a moving
coordinate system. Next we shall assume that the ob-
tained migration speed and width for ¢+ — « are the
characteristic temporal and spatial scales of the flow
not only at ¢ = o but also during the entire process of
nonstationary separation. This will allow us to tie a
theory of thin jets (Cushman-Roisin et al. 1993) to our
seemingly different problem of collision and separa-
tion. As a result, we shall reduce the problem to the
solution of the path equation for a separated jet with
specially chosen boundary conditions. Numerical in-
tegration of the path equation will allow us to obtain
the complete time-dependent solution to the problem.

The approach that we shall use here is not the clas-
sical matching asymptotic expansions, primarily be-
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FiG. 3. Schematic three-dimensional diagram of a western boundary current separated due to
an opposing southward flow. For simplicity, we first address the problem as if it were to occur in
the Northern Hemisphere. The opposing jet has a density identical to that of the main western
boundary current. Most currents in the ocean are expected to be unbalanced so that the system
would drift along the coast at speed C (positive for a migration toward the equator). The “‘wiggly”’
arrow denotes migration and should be distinguished from solid arrows that denote actual current

speeds. Adapted from Agra and Nof (1993).
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cause the exact solution in the near-wall region is not
known. We shall use a different technique where we
enclose the near-wall region, together with the transi-
tion region, in the control volume and obtain the match-
ing parameters from the conservation of mass and mo-
mentum within the control volume. The stationary flow
approximation asymptotically applies within the whole
control volume whereas the thin jet theory applies only
close to its offshore boundary.

The paper is organized as follows. The formulation
of the problem is discussed in section 2. Section 3 ad-
dresses the asymptotic flow at = e, Section 4 includes
a discussion of the new spatial and temporal scales and
the application of the path equation to the problem.
Section 5 contains application of the theory to the South
Atlantic, discussion, and conclusions. Qur numerical
method of solution of the path equation is discussed in
appendix A. A list of symbols is given in appendix B.

2. Formulation

Suppose that the equilibrium of the given balanced
currents is altered so that the countercurrent depth and
velocity take new fixed values H, (#+ H,) and V, (#V,)
(where H, and V, are the near-wall depth and speed of
the balanced state, and H, and V, are the countercurrent
near-wall depth and speed ). The response of the system
to such a perturbation consists of two processes with
different timescales and physical natures.

The immediate response consists of (i) Kelvin waves
that propagate upstream along the wall and change the
upstream velocity and depth of the main current and
(ii) short gravity waves that propagate downstream
and alter the downstream separated current (e.g., see
Paldor 1983). The existence of these waves is not only
intuitively expected. It is clearly seen in the numerical
simulations described in Lebedev and Nof (1996, man-
uscript submitted to Deep-Sea Res. ).

This first stage of the temporal evolution can be
called a geostrophic adjustment. It will become clear
later that, in general, the resulting adjusted near-wall
depth H, (# H,) of the main current is not necessarily
equal to the disturbed near-wall depth H, (# Hj) of the
countercurrent. Therefore, the adjustment cannot lead
to stationary separation; instead, a slow evolution of
the adjusted flow field occurs afterward. This is the
second stage of the temporal evolution. It involves
curving of the separated current and migration of the
separation point along the wall and is the main focus
of our work.

We shall use a Cartesian coordinate system with the
x axis directed seaward normal to the wall and the y
axis directed northward parallel to the wall (Fig. 4).
The origin of the coordinate system coincides with the
location of the separation point at time ¢ = 0. Recall
that the stationary flow (AN) has the relatively simple
form of a separated jet following a straight line at an
angle 6, to the wall (Fig. 4).
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a. Detail of the flows in the various regions
1) SECTION AB (MAIN CURRENT )

The velocity and depth distributions in a one-dimen-
sional current with constant potential vorticity have the
form:

Vo = Voe ™R,y —o0 (2.1)
ho=H— (H— Hy)e ™™, y—>—x (22)
uy =0, y—> —o, (2.3)

where uy(x, y), vo(x, y), and hg(x, y) are the dynam-
ical fields at t = 0; H is the undisturbed depth at x —
o; and R, = (g'H)"?/f is the Rossby radius. The re-
maining notation is conventional; for clarity, all vari-
ables are defined in both the text and appendix B. The
near-wall velocity V, and depth H, are linked by the
formula,

H, = H(l ~ fVTf’) , (2.4)

which follows from the geostrophic relationship.

2) SECTION CD (COUNTERCURRENT )

The velocity and depth distributions for the zero po-
tential vorticity current are given by

vg=—Vo—fx, y— +» (2.5)
2
h0=H0—L,VOx—f—,x2, Y=+ (2.6)
g 2g
Uy = O, y= +%, (27)

which implies that the interface strikes the surface at a
distance

1
Yo = ? [—VO + (V(% + 2g,H0)l/2]’ (2'8)

where V,, and H, are the velocity and depth at the wall.

3) SEcTION EF (SEPARATED CURRENT )

The velocity and depth distributions of the offshore
current are a combination of two boundary currents
with matched pressures and velocity at the separating
streamline. In the local tilted coordinate system (x’,y')
associated with the separated current (Fig. 3), they
have the form:

uo=0 (2.9)
Vo—fx' if x' <0

vy = Rk (2.10)
Voe ™™ if x" >0






