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ABSTRACT

The classical question of what happens when a warm western boundary current, such as the North Brazil
Current (NBC), retrofiects is addressed analytically using a reduced-gravity nonlinear model. The traditional
view is that the northwestward flowing current separates from the wall, turns to the right (looking offshore),
and forms a zonal boundary current that flows eastward. Integration of the steady inviscid momentum equation
along the boundary gives the longshore momentum flux (or flow force) and shows that such a scenario leads to
a paradox. To resolve the paradox the separated current must constantly shed anticyclones, which propagate to
the northwest due to 8 and an interaction with the boundary. This new eddy shedding mechanism, which is not
related to the traditional instability of a zonal jet, may explain why the NBC must produce rings.

A nonlinear analytical solution to the problem is constructed with the aid of a powerful theoretical approach
based on the idea that nonlinear periodic flows can be integrated over a control volume. This method enables
us to extract all the details of the resulting features without solving for the details of the incredibly complicated
three-dimensional and time-dependent generation process. Due to the strong nonlinearity of the problem, the
method is quite different from the familiar averaging technique that requires the existence of a *‘mean’” current.
To employ the above method, however, it was necessary to derive a new nonlinear formula for the B-induced
migration of eddies adjacent to a zonal boundary that slopes in the N-S direction.

It turns out that the general problem involves an eddy retroflection length scale Ry/¢''® (where Ry is the parent
current Rossby radius and ¢ = SR,/ f;) that is greater than that of most eddies (R,). Calculations show that, for
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the retroflected NBC, which transports about 45 Sv, eddies are shed approximately once every 90 days.

1. Introduction

The question of how and why retroflection eddies are
generated is important for our understanding of the trans-
fer of mass, salt, and heat. Traditionally, eddy formation
processes have been associated with classical instabilities
of zonal currents and fronts.! Such zonal instabilities gen-
erate meanders that grow, close upon themselves, and
then pinch off. Although this is probably the correct for-
mation mechanism for many eddies and rings in the ocean
(e.g., Gulf Stream and Kuroshio rings), retroflection ed-
dies are always generated in the same location, suggesting
some other, geographically controlled, formation mech-
anism. This suggestion is supported by the observations

! Note that by *‘instability’” we mean here the instability of a zonal
jet such as the separated Guif Stream: we do not refer to all time-
dependent processes as ‘‘instabilities."”
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that retroflection rings are typically larger than rings pro-
duced by classical instability of zonal currents (e.g., see
Richardson et al. 1994).

This paper focuses on a new eddy generation process
that is associated with such a geographical control and
a larger length scale. Specifically, we focus on western
boundary currents, such as the North Brazil Current
(NBC), which turn backward away from their original
direction due to a separation from the wall. We shall
see that a retroflection of this kind leads to a paradox
because it produces an unbalanced flow force. This
force can only be compensated for by shedding eddies
in the currents’ original direction. The present article
has two goals. The first is to explain why NBC rings
are formed and the second is to propose an explanation
for their relatively small migration rate.

a. Observational background

The suggestion that the western tropical Atlantic is
important to the meridional heat flux comes from the
observation that at subtropical latitudes western bound-
ary currents represent an important component of the
global heat budget (Bryden and Hall 1980). Observa-
tions imply that, at the surface, the summer and fall
circulation in the western tropical Atlantic is dominated
by the retroflection of the NBC, which carries up to 50
Sv (Sv = 10° m®s™!) of surface water to the east






