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Abstract-Along-shore
migration of a western boundary current separation is investigated with a
fully nonlinear primitive equation numerical model on an f-plane. We consider separation due to a
collision with an opposing current. It is known that, for such a case, stationary collision and
separation is possible only for boundary currents with “ balanced’ transports, i.e. equal near-wall
depths. We first compute the stationary flow and then change the transport of the opposing current
and investigate the resulting time-dependent flow. Our numerical results demonstrate two important
aspects. First, we have found that the transport of a poleward flowing inertial western boundary
current is controlled by its interaction with an opposing current. Although there is presently no
observational evidence of such a counter-intuitive situation, this unusual effect may be important for
actual boundary currents. Secondly, our results suggest that, after a rapid period of geostrophic
adjustment, the flow evolution can be described by the path equation for the separated current. An
excellent agreement is found between the earlier analytical predictions based on integrated balances
and the path equation theory (Lebedev and Nof, 1996) and our present numerical simulations. For
instance, the previously predicted analytical migration formula c~(g’H)“ ~ (0: - Di)2/4D:‘2[where
His the undisturbed depth of the main poleward flowing current; DI is its depth near the wall (nondimensionalized by H); and D2 (< 0,) is the opposing current near-wall (non-dimensional) depth] is
clearly verified by our numerical experiments. Application of the model to the South Atlantic
confluence is discussed. It is suggested that the observed migrations of the separation latitude may be
caused by the changes of the Brazil and Malvinas current transports. 0 1997 Elsevier Science Ltd.

1. INTRODUCTION
An important element of the classic double-gyre circulation pattern is the confluence of two
opposing currents. This takes place where the western boundary current of the subtropical
gyre and the western boundary current of the sub-polar gyre form an eastward flow after
impinging upon each other. Although the real oceans do not necessarily follow the idealized
double-gyre scheme, such a collision is clearly observed in the South Atlantic (BrazilMalvinas confluence) and the North Pacific (Kuroshio-Oyashio confluence).
High velocities of 0(1 m/s), typical for western boundary currents, together with O(l&
20 km) length scales of their collision region, yield a local Rossby number of order unity.
This implies that the process is strongly nonlinear so that classic linear models of the doublegyre system (e.g. Munk, 1950; Munk and Carrier, 1950) cannot provide an adequate
description of the collision. Although previous theoretical studies of ocean circulation have
addressed various aspects of western boundary current dynamics, a fully nonlinear
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Fig. 1. 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.

interaction of two opposing currents has not yet been examined in detail, even in the
idealized barotropic (or equivalent barotropic) formulation. Such an investigation is not
only up-to-date from the viewpoint of pure theoretical fluid mechanics, but most
importantly provides a possible explanation for the strong variability commonly observed
in the area of boundary current interaction.
Recently, we proposed an asymptotic analytical theory of non-stationary collision of two
equivalent barotropic currents on an&plane (Lebedev and Nof, 1996; hereafter referred to
as LN). The study was motivated by observations of the pronounced long-shore drift of the
Brazil-Malvinas confluence (Olson et al., 1988; Garzoli and Garraffo, 1989; Garzoli, 1993;
Matano et al., 1993; Podesta et al., 1991; Provost et al., 1992), which has been observed to
migrate as much as 800 km in a season (Fig. 1). Our analytical investigation has, indeed,
suggested that the colliding currents can drift along the shore with a speed comparable with
the observed values of a few centimeters per second.
The use of elaborate asymptotic methods employed in LN necessarily requires a
comparison of the asymptotic solutions with the complete solutions in order to fully
justify the analytical theory. The goal of the present paper is to report several numerical
experiments that validate our previous analytical results and graphically illustrate
somewhat counter-intuitive dynamics of colliding geophysical currents.
Our numerical simulation focuses then on the local dynamics of colliding western
boundary currents, which is a part of the general wind-driven circulation problem. We
neglect the p-effect and drive the model flow by the inflow boundary conditions. The fluid
motion is assumed to be sustained by the inertia resulting from the acceleration of the
boundary currents by the wind stress outside the model domain. Despite the conceptual
simplicity, the numerical simulation is not at all straightforward because of the need to
initialize the model prior to the beginning of the computations.
Usually, this is achieved by the spin-up of the model with the wind stress field. However,
in our process-oriented study the wind stress is not present, so we had to develop a new
initialization technique. Our new method involves computation of a stationary current
along the boundary of a rectangular domain and may also prove useful for other processoriented studies. Since most readers are accustomed to considering problems in the northern
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rather than the southern hemisphere, we initially present the entire problem as if it takes
place in the northern hemisphere. At the end of the article, when the application to the South
Atlantic is discussed, the reader is introduced to the southern hemisphere version of the
process.
The paper is organized as follows. The formulation of the problem and the results of the
asymptotic theory derived in LN are outlined in section 2. The numerical aspects
(particularly, the initialization of the model) are addressed in section 3. The model results
are analyzed in section 4. The application of the model to the South Atlantic and a
discussion are given in section 5.
2. THEORETICAL

BACKGROUND

In this section we formulate the problem and briefly outline the LN theory of nonstationary separation, whose validity will be established later by direct numerical
simulation.
Consider two equivalent barotropic currents (i.e. “reduced gravity” jets) flowing on anfplane in a semi-infinite domain along a vertical wall. At some point along the wall, the
currents collide and turn sideways forming a joint separated current (Fig. 2). One of the
currents (hereafter referred to as the “main” current) has a constant depth H at large
distance from the wall, whereas the other current (hereafter referred to as the “counter”
current) is confined between the wall and an outcropping front (i.e. a curve along which the
depth of the current vanishes). This dynamical system was first examined by Agra and Nof

C

CROSS-SECTION OF THE
OPPOSING CURRENT

CROSS-SECTION OF
THE MAIN CURRENT

potential vorticity front

TOP VIEW

CROSS-SECTION OF THE
SEPARATED CURRENT

Fig. 2. Schematic diagram of the stationary initial state in the northern hemisphere. Near-wall
velocities and depths of the colliding currents are equal in accordance with the Agra and Nof (1993)
balance solution. The separated current is straight (i.e. one-dimensional) and leaves the coast at an
angle t&. The origin is situated at the intersection of the coastline with the continuation of the straight
off-shore separating streamline.
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(1993), who found that the flow is stationary only if the upstream near-wall depth of the
main current (Hi) is equal to the upstream near-wall depth of the counter current (HZ).
Violation of this necessary condition leads to time-dependent flow.
A convenient way to describe non-stationary collision and separation is to monitor the
position of the mid-jet line of the separated current. For boundary currents with constant
(but different) potential vorticities, the mid-jet line coincides with the potential vorticity
front. In the more general case, it can be defined as a material line separating the waters of
two different origins. The results of LN suggest that the mid-jet line obeys the path equation
for freef-plane equivalent barotropic jets (Cushman-Roisin et al., 1993)

cn

=Afi
as=
’

(2.4)

with special conditions imposed at the western boundary,
sinOl,,, =

441 -M2

Ml +M2

(2.5)

(2.6)
Here, C, is the normal velocity of the mid-jet line, s is the distance measured from the wall
along the mid-jet line, and 8 is the angle (measured counter-clockwise) between the zonal
direction and the tangential to the mid-jet line (Fig. 3). Mi and M2 are the upstream
momentum fluxes of the colliding currents defined by
CO
00
h2v; dx,
h,vf dx, M2 =
M, =
(2.7)
s0
s0
where h and v are the depth and velocity distributions across the main current. Note that, for
convenience, all of the variables are defined both in the text and in Appendix B. As discussed
by LN, the coefficient A is given by

Fig. 3. Definition of the curvilinear coordinates for the path equation: s is the distance along the
potential vorticity front measured from the wall, n is the distance measured normal to the front, 0 is
the tilt of the tangential to the front, and C, is the normal velocity of the segment of the front.
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(2.8)
’

The path equation theory is conceptually valid only in the case where the relative nearwall curvature of the separated current [(&%3/%],,,, where Rd=(g ’H)“’ is the Rossby
radius and %)/as is given by eqn (2.6)] is much less than unity.
Note that condition (2.5) describes the near-wall curving of the separated current, which is
proportional to the difference in the colliding currents near-wall depths, i.e. it is proportional
to the extent to which the necessary condition for steady flow is violated. For HI = Hz the
near-wall curvature is zero, and the solution to the path eqn (2.4) is 0 = fle = const, where t10is
given by eqn (2.6). As should be the case, the solution corresponds to a stationary separated
current that leaves the coast at an angle 0e determined by the momentum balance of the
colliding currents (2.6). For HI #Hz, a stationary solution to eqn (2.4) is no longer possible.
It has been shown by LN that in this case the path eqn (2.4) [together with the boundary
conditions (2.5) and (2.6)] can be easily integrated numerically to give the position of the
separated current and the latitude of separation at any moment of time.
The solution at t --)cc corresponds to the steadily propagating intrusion of one current
into the other; the intrusion occurs in the direction from the current with the smaller nearwall depth to the current with the larger near-wall depth. According to LN’s analysis of the
integrated balances and the path equation, the speed of the steadily propagating intrusion is
given by

where i = 1 for (HI <Hz) and i= 2 for (HI > Hz).
It is seen that the detailed structure of the colliding currents is not explicitly present in the
path equation and its boundary conditions, nor is it present in the formula for the speed of
the steadily propagating intrusion. Consequently, the path equation model can be applied to
the interaction of boundary currents with arbitrary potential vorticity distributions. In
order to use the model, one needs only to know the transports, the momentum fluxes and the
undisturbed depth of the main current.
This completes the presentation of LN’s theory of time-dependent separation. We now
proceed to validate the theory with direct numerical simulations.
3. NUMERICAL

MODEL

3.1. General description
The general scenario of our numerical simulation is as follows. We start with a stationary
system of two opposing currents with equal near-wall depths upstream. At t = 0 we perturb
this flow by gradually changing the mass transport of the counter current and then holding it
constant. The resulting flow is the subject of our investigation. We shall see later that, since
Kelvin waves require the existence of a wall on their right-hand side (in the northern
hemisphere), a similar perturbation (i.e. a transport change) of the main current need not be
considered. We shall further see that, due to Kelvin waves propagating upstream, the
specified main current transport can be altered by the collision process, whereas the specified
counter-current transport remains fixed and cannot be changed.
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We use the isopycnic coordinate model of Bleck and Boudra (1986). The “reduced
gravity” version of the model has a single active layer and solves the shallow water equations
g + (uv)

u +fi

+ u = -g’Vh + (u/h)V

!!

hVu,

!!

; -I- V(hu) = 0,

(3.1)

(3.2)

where all the notation is standard. An advantage of the model is the use of the “flux
corrected transport” algorithm (Boris and Book, 1973; Zalesak, 1979) for the solution of the
mass conservation equation. This method employs a higher-order correction (based on an
elaborate logical procedure) to the positive-definite upstream differencing scheme. The
resulting scheme is also positive-definite but virtually non-diffusive, and especially wellsuited for the problems with layer outcropping.
For all computations,
the parameters are f= 10m4 s-l, g’=O.Ol m s-*, and the
undisturbed depth is H= 800 m. The above values are typical for the South Atlantic
confluence and yield a Rossby radius of N 28 km. The computational domain is rectangular,
1697 km x 3394 km (60 Rd x 120 Rd), with 5.7 km (0.2 Rd) of grid spacing (Fig. 4). We used
a time step of At = 10 min and a coefficient of Laplacian viscosity of u = 3.2 x 10’ cm* s-l.
We also raised the viscosity 10 times toward a more realistic value, but did not observe any
difference in the numerical results. All experiments were conducted with the “free slip”
boundary condition.
Other boundary conditions required by the model are conditions on the normal velocity
(v,)
and the mass flux (hvn) at the boundary of the domain. The conditions that we use are: (i)
no normal flow along the vertical wall AC; (ii) explicitly specified distributions of v and hv
across the inflow ports AB and CD; and (iii) open radiation boundary conditions at the
outflow port BD (Fig. 4). Different kinds of Orlanski-type radiation conditions were tried,

3394 km
(120 Rd)

kc1697

km (60 Rd) +)

Fig. 4. Schematic diagram of the computational
domain for the numerical experiment. Bold arrows
denote colliding currents. The dividing wall is used to compute the stationary
flow. It is then
“removed” and the resulting flow is examined.
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and we found no appreciable changes in the flow field within the domain. We have finally
chosen the version proposed by Camerlengo and O’Brien (1980) as computationally the
least costly. The performance of the open boundary conditions was evaluated and found
satisfactory by running the model in domains of different sizes and a comparison of the
results.

3.2. Speclyication of the injlow
For the numerical simulation, we chose the geostrophic velocity and depth distributions
of the upstream counter current (section CD, Fig. 4) in the form,
v=--x

2V2
Y3

3

3V2
+-x2-V2,
Y2

(3.3)

+H2,

WH2

Y=f V2

(3.4)

(3.5)

'

where V2and H2 are the near-wall velocity and depth, and y is the width of the current [i.e.
h(y) = 01. This flow structure is convenient for the numerical purposes because both the
velocity and shear vanish at the outcropping front (h=O) and this minimizes numerical
disturbances. However, the above choice of distributions is not obligatory, and any other
cross-current structure can be specified instead.
We considered a main current with uniform potential vorticity distribution. The
upstream velocity and depth profiles across section AB (Fig. 4) have the form
(3.6)
Xl&

h=H-(H-Hl)e-

H’=H
(l-f%

Vl

>’

,

(3.7)
(3.8)

where VI and H, are the velocity and depth along the wall.
For numerical convenience, we have chosen boundary currents that, in the balanced state
(i.e. H, = Hz, VI = VI), separate at a right angle to the wall. According to AN, this is the case
when the momentum fluxes of the colliding currents are equal. Substitution of the velocity
and depth distributions (3.63.8) into the integrals (2.7) yields an algebraic equation with
respect to one unknown, Ho, which describes the balanced near-wall depth of both currents.
Solving the equation numerically, we find that separation at the right angle to the wall
occurs for balanced currents with HO= 0.58H and Vo = 0.42 (g’H)*‘*.
To compute the stationary collision and separation we divided the model domain with an
artificial rigid wall normal to the left boundary of the domain (Fig. 4). First, we
independently computed the stationary flow of currents in their sub-domains and then
“removed” the dividing wall. The system then adjusted itself and reached the stationary
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Fig. 5. Isolines of constant depth (in meters) for a stationary collision and separation. The
separating wall shown in Fig. 4 has been removed and the flow adjusted to the stationary structure
shown. This flow field serves as the initial condition for our numerical experiments.

state. For a detailed description
Appendix A.

of our initialization

4. NUMERICAL

method the reader is referred to

RESULTS

We present here the results of two numerical experiments that illustrate the consequences
of the increase and reduction of the counter-current’s transport. We shall look first in some
detail at the transient response of the colliding currents to such a perturbation and then
examine the longer-term evolution of the flow. The numerical runs are started from the
initial conditions shown in Fig. 5. The momentum fluxes of the currents in the initial state (a
required input for the analytical model) are Mi = ii42= 1.8 x lo* m4 s-*, as computed by the
trapezoidal numerical integration of hv* across the currents.
4.1. Geostrophic adjustment
It is recalled that we generate the non-stationary
separation by changing the mass
transport of the counter current. In the numerical model, this is achieved by a gradual
transition from the original balanced inflow boundary conditions (v,id and [hv]& to the
new ones,

[hvl*,, = [m+ (1 - ~e-“T)][hv],ld
V new= [a+ (1 - clle-“r)]“2v,id,

(4.1)

where CLis the relative transport change and z - 1 day is the time-scale of the transition.
Consider now the resulting distributions of the near-wall depth and the Bernoulli function
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along the western boundary of the domain (Fig. 6). At t = 0 the near-wall depths of the
colliding currents are equal and the Bernoulli function is constant along the wall as should
be the case for a stationary flow. The peak in the depth distribution corresponds to the
stagnation point at which the depth increase compensates for the vanishing velocity, in
agreement with the Bernoulli principle. The distributions at t = 4 days reveal the Kelvin
wave generated by the transport increase of the counter current on the right-hand side. At
t = 8 days the wave is seen to have crossed the conjluence of the two currents and to continue its
propagation towards the main current.
The distributions at t = 12 days demonstrate that the Kelvin wave does not equilibrate the
near-wall depths of the colliding currents upstream of the confluence. This may appear
counter-intuitive, as a “natural guess” would be that the Kelvin wave should even up the
upstream pressure of the two currents. Indeed, this is what would have happened in the
linear or quasi-geostrophic approximations, where the velocities are very small. However,
the nonlinearity of the collision puts forth the conservation of the complete Bernoulli
function (B = V*/2 + g’H) rather than the depths alone. The scaling analysis of LN suggested
that, similarly to the truly stationary collision, in the case of a non-stationary collision the
near-wall Bernoulli function is still conserved because the flow is not far from being steady.
The present numerical experiment demonstrates that the transition from the initial value to
the perturbed value of the near-wall Bernoulli function occurs through the action of Kelvin
waves generated by the alteration of the counter current’s transport. Since equilibration of
the near-wall Bernoulli function is not redundant with equilibration of the near-wall depth,
the passage of the Kelvin wave leaves the two depths unequal.
By t = 16 days the geostrophic adjustment is nearly completed: the increase of the counter
current transport has led to the transition to a new quasi-equilibrium state in which the nearwall depths of the colliding currents are constant in time, but differ from their original
values. This new quasi-equilibrium state will serve as a background for a much slower
process: a gradual evolution of the flow accompanied by the migration of the stagnation
point along the wall. We shall see that the time-scale for the slow evolution is months as
opposed to a few days required for the geostrophic adjustment.
Note that at the southern boundary of the domain we prescribe the fixed inflow
conditions that (may seem to) determine the transport of the main current. However, the
main current is totally controlled by the counter current through the action of Kelvin waves
that propagate upstream and alter the conditions originally prescribed. In a domain that is
infinite in the north-south direction, the Kelvin waves would forever continue their
southward propagation. In our numerical model, the Kelvin waves use the southern
boundary of the domain as a wave guide and propagate eastward until they exit through the
(open) eastern boundary. After that, a portion of the transport of the main current (pumped
inside the domain by the inflow boundary conditions) gets diverted eastward by the wake
current and is permanently left behind the Kelvin waves (Fig. 7). The wake current and the
fixed inflow combine in such a way as to produce the main current, whose near-wall
Bernoulli function is equal to that of the counter current. This somewhat unusual dynamics
makes it clear why we cannot vary the transport of the main current in order to perturb the
initial stationary flow. Indeed, the change of the main current inflow conditions [similar to
eqn (4.1)] merely produces the eastward flowing wake current but does not affect the
transport of the main current itself.
There remains a question of whether the Kelvin waves always propagate against the
direction of the main current. In the case that we have considered in the model (main current
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Fig. 7. Depths contours (in meters) in the southwestern corner of the domain after the Kelvin wave
has reached it and propagated to the right. Note the wake current that diverts excessive transport
eastward specified by the original inflow boundary conditions.

with constant potential vorticity) this is the only possibility, because the near-wall velocity

of the current is always less than (g’H)1’2 (the Kelvin wave speed). On average, the real
oceanic western boundary currents are also sub-critical (a typical current speed of N 1 m/s is
less than (g’H) “* for typical values of g’zO.01 m sM2 and Hz500 m) and, therefore, the
mechanism of “downstream control” seems to be feasible.
4.2. Slow evolution of colliding currents
Consider first the long-term evolution of the flow that follows the increase of the counter
current’s transport. The long-shore depth distribution for this experiment at t =40 days
(Fig. 8) shows the near-wall depths of H1 = 590 m and HZ = 530 m. These are the values that
we used as an input for the path equation model (LN), whose results are shown in Fig. 9.
The time series of the stagnation point position (computed as a long-shore velocity grid
point at which the sign changes) is shown by a dotted line in Fig. 9. Note that the migration
starts abruptly on the eighth day of the time integration. This coincides with the passing of the
Kelvin wave through the confluence of the two currents. Both the theoretical time series of the
stagnation point obtained by solving the path equation (dashed line, Fig. 9), and the
asymptotic speed based on the momentum integral (solid line, Fig. 9), are seen to be in
excellent agreement with the numerical experiment.
To obtain the migration speed of the stagnation point (Fig. 10) from the discontinuous
time series of the stagnation
point coordinate,
we fitted the time series with a high-order
polynomial
and differentiated
the latter. It is interesting to note that, despite a minor

disagreement between the migration speed obtained from the analytical and the numerical
models, both speeds eventually reach the asymptotic value (i.e. the speed of a steadily
propagating intrusion) given by formula (2.9).
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Fig. I 1. Isolines of constant depth (in meters) for the southward drift of the confluence. Bold curves
represent the trajectory of the separated current derived from the analytical model based on the path
equation. The region shown is 900 km x 900 km.

Depth contours at t = 20,40,60 and 80 days (of the time integration) are shown in Fig. Il.
The solid, bold line corresponds to the position of the separated current obtained by solving
the path equation. Note that, even though the relative near-wall curvature of the jet
(R&@/&l,,s = 0.47) is not really much less than unity, the theory successfully reproduces
the evolution of the separated current.
When the near-wall depth of the main current is smaller than the near-wall depth of the
counter current, the confluence of the two currents migrates toward the counter current. An
example of such a flow is shown in Fig. 12 (for times t = 20,40,60 and 80 days). The solid,
bold curves again correspond to the analytical solution of the path equation with the nearwall depths of Hi =350 m and Hz= 390 m (as obtained from the near-wall depth
distribution shown in Fig. 13). The agreement between the theory and the numerical
experiment is worse than in the previously considered case, although the small parameter of
the asymptotic theory (Rdaf3/&l,,0 = 0.19) is actually smaller than the one previously
considered. This is due to the fact that in the front progression case excess main current
water could be diverted away from the region. In the regression case, on the other hand,
additional required water cannot be supplied because of the radiation condition that allows
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(

t = 80 days

Fig. 12. Isolines of constant depth (in meters) for the northward drift of the confluence. Bold lines
represent the trajectory of the separated current derived from the analytical model based on the path
equation. The region shown is 900 km x 900 km.

main
cumnt

counter
cunmt
distance

near-wall
dWh Cm)

Fig. 13. Near-wall depth distribution for the northward confluence drift, shown at t = 40 days. The
values of HI = 350 m and H2 = 390 m are used as the input depths for the analytical path equation
model
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water to leave the area but does not permit water to enter. Despite the fact that the
disagreement is worse than before, it is still very good.
4.3, Mass balance of theflow
It is natural to ask what physical mechanism causes the long-shore migration of colliding
currents and what determines the direction of their drift. To answer these questions,
consider the mass balance of the simulated flow at, say, the 20th day of the numerical
integration in the first experiment [Fig. 1l(a)]. The rate of change of the total volume of
water (IV) contained in the 900 km x 900 km domain shown on Fig. 11 is given by
dw
dt

(5.1)

-=T,+T2_T3,

of the main current, the counter current and the
T1,2,3 represent the transports
separated current, respectively. The geostrophic transport of the counter current is equal to

where

(5.2)
where H2 = 530 m is the near-wall depth (Fig. 8). The transport of the main current is given
by

T, = $(H2

- H;),

(5.3)

where H= 800 m is the undisturbed depth of the main current and HI = 590 m is its nearwall depth (Fig. 8). Note that the separated current is straight (i.e. one-dimensional) when it
exits the domain; therefore its transport is also given by the geostrophic formula and has the
form

d

T3 = 2fH2,

(5.4)

because the depth changes from H= 800 m on the right-hand side of the current to zero on
its left-hand side. Substitution of (5.2), (5.3) and (5.4) into (5.1) yields the relation,
t!&$(H;

- H:).

(5.5)

Since in this experiment HI = 590 m is greater than HZ = 530 m, the above equation shows
that the total volume of water inside the domain must decrease in time.
The reduction of the total volume of water in the domain is accomplished by the countercurrent intrusion that basically fills the void made by the excessive drainage of water from
the domain by the joint separated current. Indeed, it is seen that at t = 80 days (Fig. 11) the
volume of water in the domain is substantially reduced. In the opposite case, when HI < H2,
the flow has the form of an intrusion of the main current into the counter current so that
the total volume grows in time (Fig. 12). In both cases, the confluence of colliding currents
drifts in the direction from the current with the low near-wall depth to the current with the
high near-wall depth. The cause of the migration is the fact that a stationary straight (i.e.
one-dimensional) separated current cannot, in general, balance the mass transports of the
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Fig. 14. Schematic diagram of a western boundary current separated due to an opposing
northward flow in the southern hemisphere. In this idealized situation, the opposing Malvinas jet
has a density identical to that of the Brazil current.

boundary
drift.

currents. Therefore,

such a migration can be referred to as an unbalanced

5. DISCUSSION

AND CONCLUSIONS

Numerical experiments validate the analytical results of LN and graphically demonstrate
that the drift of the confluence (of two inertial currents) is an essential element of the
nonlinear collision. The magnitude of the drift can be estimated from formula (2.9) [the
speed C, (of a steadily propagating intrusion)], whose validation is shown in Figs 9 and 10.
An application of this formula to the South Atlantic confluence [in which case the model
main current is associated with the Brazil current and the model counter current with the
Malvinas current (Fig. 14)] shows that the theoretical values of the Brazil-Malvinas
confluence drift speed are generally of the order of a few centimeters per second and
qualitatively agree with the observed migrations.
Given the substantial over-simplifications of our idealized model and a fair amount of
“stretching” in its application to the real ocean, we cannot state that the unbalanced drift is
the only mechanism that causes the migration of the Brazil-Malvinas confluence. However,
we can argue that this mechanism is consistent with available observations and realistic
regional numerical models.
We saw that our unbalanced drift follows the changes of the colliding currents’ mass
transports. Such a relationship was also found in a number of previous studies. For
instance, the results of Garzoli and Bianchi (1987) indicate that the increase of the Brazil
current transport coincides with the southward displacement of the separation latitude.
Analyzing the records of an array of inverted echo sounders, Garzoli and Garraffo (1989)
suggested that it is the increase of the Malvinas current transport that is responsible for its
observed northward excursion and penetration into the Brazil current. The numerical
experiments of Smith et al. (1994) with a coarse resolution multilayer isopycnal model show
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a significant coherence at the semi-annual frequency between the separation latitude and the
Malvinas current transport. Matano (1993) has studied the South Atlantic confluence with a
multilevel Bryan-Cox model and found that the separation latitude of the Brazil and
Malvinas currents depends on their volume transports. In a closely related study, Matano et
al. (1993) have presented observational evidence (derived from the satellite altimetry data)
that the position of the Brazil-Malvinas confluence is strongly correlated with the Malvinas
current transport.
Recent observations of Garzoli and Guilvi (1994) and the numerical study of Smith et al.
(1994) show that the variability observed in the Brazil-Malvinas confluence has a strong
component due to changes in the local wind stress. However, one can conceptually split the
chain of events leading to the drift of the confluence into two parts. The first one is the effect
of the wind stress (remote and local) and remote forcing (such as variations of the ACC
transport in the Drake passage) on the Brazil and Malvinas currents transports. The second
is the consequential response of the confluence to the transport changes, i.e. the process that
we have examined here.
One of the unusual results of our study is that the transport of the main current appears to
be dependent on the transport of the counter current through the action of upstream
propagating Kelvin waves. Such a robust control is clearly a consequence of the idealistic
dynamics of our model and in the pure form is not operative in the real ocean. We suppose
that in the Brazil-Malvinas confluence, the Kelvin waves generated by variations of the
Malvinas current transport may temporarily change the transport of the Brazil current until
the wind forcing and the Rossby waves restore it to a certain value determined by the global
aspects of the South Atlantic circulation. An investigation of this issue must be done with a
realistic general circulation model and is outside the scope of our present process-oriented
study, which has followed the approach of artificially “separating” the boundary current
dynamics from the interior dynamics. In any case, there is no reason to suppose that the
near-wall depths of the Brazil and Malvinas currents are equal at all times. Our model shows
that if for any reason they are different, then the confluence of the two currents must drift
along the coast.
In conclusion, the time-dependent collision and separation of boundary currents was
examined numerically with the isopycnic reduced gravity model. Our aim was to visualize
the nonlinear non-stationary interaction of two boundary currents. We were able to validate
our earlier analytical model of the process, and to demonstrate that the transport imbalance
of the Brazil and Malvinas currents can provide a possible explanation for the observed
variability of the Brazil-Malvinas confluence.
Using a new method to initialize the numerical model, we computed the collision of
boundary currents in a rectangular domain on anf-plane. We observed the propagation of
Kelvin waves through the confluence of two currents, an unusual process that has not been
described previously. Our results suggest that propagation of Kelvin waves upstream from
the main current may lead to the downstream control of a western boundary current by an
opposing counter current. An excellent agreement was found between the path equationbased analytical model of non-stationary collision and separation and the numerical
simulation.
We have found that the temporal and spatial scales of the flow resulting from the collision
of two currents with different near-wall depths are close to those observed in the BrazilMalvinas confluence. This suggests that the imbalance of mass transports can be an
important mechanism that causes notable migration of the separation latitude.
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APPENDIX
INITIALIZATION

A

OF THE MODEL

Steady solution for the counter current
Since Kelvin waves propagate along a wall on their right side, they advance downstream (i.e. with the counter
current). Consequently, the solution downstream of the inflow port CD (Fig. 4) is uniquely determined by the
velocity and depth distributions across section CD. This allows one to start the computations from arbitrary initial
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fields of velocity and depth and run the model until all the “junk” passes through the open boundary DG and the
flow becomes stationary. In practice, of course, the initial conditions should be as close as possible to the final
stationary flow.
We have constructed the initial conditions for this intermediate calculation with the following procedure.
Consider the family of curves,
(X-MY-6)=@~

(A.])

where 5 is a parameter and E is a constant. Note that,

X--+6

when

y++co

Y--+t

when

x-++w.

(A.2)

Overall, the set of curves qualitatively resembles the streamlines for a flow in a corner. The constant Edetermines
the effective distance at which every hyperbola reaches its asymptote. There exists a unique hyperbola crossing any
point (x,y); the corresponding value of the parameter 5 is given by
5=x+Y-[(x+Y)2-4(1-E)xyl-“2

2(1- E)

(A.3)

We specify the initial distributions of velocity and depth in such a way that the depth and absolute velocity would
be constant along any curve and would be defined by the conditions at the inflow port CD (located at y+o3). The
velocity vector at any point (xg) is taken collinear to the curve’s tangential. A brief summary of the above
procedure is as follows:
(1) For any point (x,y) find r(x,y) using (A.3).
(2) For given < compute
h(6) = &)lx=t
I%) = v(x)l,+
where v(x) and h(x) are the upstream distributions (3.3) and (3.4).
(3) For the absolute velocity Vat the point (x,y) compute its orthogonal components,
21=

(x [(x -

G2v

04 + Eqy’2
(A.4)

-Et2V
v=
[(x
- 04 + E2p]-"2'
The appropriate value of E can be found by trial and error. We have found that E = 0.1
is a good choice. After the
initial conditions are specified, they are substituted into the numerical model which is run until the flow becomes
stationary.

Steady solution for the main current
Computation of the stationary main current with the above algorithm is not possible because the adjustment of
the artificial initial conditions creates disturbances that propagate upstream and wreck havoc to the flow. To
overcome this difficulty, we have developed a method to directly (i.e. without the use of the isopycnic model)
compute a constant potential vorticity current in a rectangular domain. Consider the flow in a domain
(OJ,) x (- L,,O). The size of the domain is much greater than the Rossby radius (i.e. L,, L.+&). The current
enters the domain through the boundary y= -L,, and leaves it across the boundary x=L,. It is recalled that in a
stationary flow,

P(?@)=F,
where e; is a stream function, P(e)is the potential vorticity,

(A.51
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and B($) is the Bernoulli function,

For a flow with a constant potential vorticity, (AS) can be integrated,

(A.@
where BO = BI,,,. Setting $= 0 at the boundary of the domain, and using the distributions (3.63.8) which are
valid at y = - L,,, we find
(A.7)

where Ho is the given near-wall depth of the inflowing current.
With the aid of (A.7), the computation of the stationary flow with uniform potential vorticity reduces to the
solution of two equations with the two unknowns JI and h,

(‘4.8)

(A.9)

Note that, for any given field of h(x,y), the potential vorticity eqn (A.9) is a linear elliptic equation with respect to
the stream function J, and can be solved numerically with any standard technique. This suggests the use of the
following iterative procedure. Suppose that the (n)th iterations to the fields of the stream function $@)and depth h(“)
are somehow known. Then the (n + l)th iteration to the depth field can be found by “splitting” the Bernoulli eqn
(A.8) as
l,$
g’h(“+‘)
=gH
2 (

II

[ (a’+(!!$?)‘]

+j+&

(A.lO)

The (n = 1)th iteration to the stream function can now be computed as the solution to the potential vorticity
equation,
(A.ll)
with the boundary conditions,
lp+‘)(O, y) = l,b(n+“(x,0) =

0

--(x,-L,)=~(L,.y)=o
alCx”+”

(A.12)

The boundary value problem is easily solved by converting (A. 11) into a prognostic thermoconductivity equation
(which is achieved by adding &&I + 1) to its left-hand side) and the use of an explicit (in-time) scheme.
The iterations above can be started from a purely geostrophic flow. In a geostrophic flow the depth h(‘) obeys the
well-known equation,

; V2h(‘) +f =

;,(‘)

(A.13)

with the boundary conditions,
h(‘)(O,y) = h(‘)(x, 0) = Ho
(A.14)
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In solving this very simple problem numerically, we have found it beneficial to use a third-order accuracy
approximation of the Laplacian and to specify the near-wall velocity as an additional boundary condition,
g’ aflqo, y)
-____
H
ax

g’ ahqo, x)

=-H

~

ay

=fRd(l - H,,fH)

(A.15)

The use of the third-order scheme makes the numerical value of the near-wall Bernoulli function closer to its
theoretical value (A.7) which is essential for the accuracy and convergence of the method. After the ho) field is
computed, the stream function is found as the geostrophic mass transport between a point (x,y) and the wall,

@‘)(x,y) = g [h”‘(x, y)]’
2f

- H,].

The convergence of the algorithm depends on the relative value of the near-wall depth Ho. For Ho > 0.3H the
iterations converge to within the machine accuracy in about 20 steps, whereas the smaller values of the near-wall
depth inevitably cause divergence. As already mentioned, for our numerical experiments we have used the near-wall
depth Ho = 0.58H, which is within the validity regime of the method. The other disadvantage of the algorithm is that
the near-wall depth of the computed flow appears to be slightly different (a O.OlH) from the value of Ho used for the
specification of the near-wall Bernoulli function. We were unable to track the origin of this discrepancy. It may
indicate that the distribution of the potential vorticity in the computed flow is not exactly uniform. (This is
unimportant for the dynamics of colliding currents.) For our purposes, it is essential that the substitution of the
computed steady solution into the isopycnic model leads to a negligible adjustment so that the flow quickly becomes
stationary and may be used as the initial condition for the numerical experiments.
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LIST OF SYMBOLS
A

Coefficient in the path equation for the separated current

B(+) Bernoulli function
Speed of the steadily propagating intrusion
CC%7
G

Normal velocity of the potential vorticity front
Non-dimensional near-wall depths of the main current and the counter current, respectively
A constant that determines the effective distance at which every hyperbola reaches its asymptota
Coriolis parameter
I”
“ Reduced gravity,” (Ap/A)g
g’
Undisturbed depth of the main current
H
Depth (thickness of the upper layer)
h
HO Near-wall depth in the balanced state
HI .2 Near-wall depth of the main current and the counter current, respectively
Width of the steadily propagating intrusion (also, “ collision length scale” )
L
Ml ,2 Momentum flux of the main current and the counter current, respectively
Curvilinear coordinates associated with the potential vorticity front
hs)
Potential vorticity
PC+)
Rossby deformation radius, (g’H)“ 2/f
Ri
Distance along the potential vorticity front
s
Volume transports of the main current, counter current and separated current, respectively
Tl,2.3
(u,v) Cartesian velocity components
VI.2 Near-wall velocity of the main current and counter current, respectively
W
Total volume of water contained in the domain
ci
Relative transport change
Width of the current
Y
u
Coefficient of Laplacian viscosity
8
Separation angle
Time scale of the transition
Stream function
;,
A parameter used to describe the initial conditions
5
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