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ABSTRACT

The recently proposed analytical theory of Nof and Pichevin describing the intimate relationship between
retroflecting currents and the production of rings is examined numerically and applied to the Agulhas Current.
Using a reduced-gravity 1%-layer primitive equation model of the Bleck and Boudra type the authors show that,
as the theory suggests, the generation of rings from a retroflecting current is inevitable. The generation of rings
is not due to an instability associated with the breakdown of a known steady solution but rather is due to the
zonal momentum flux (i.e., flow force) of the Agulhas jet that curves back on itself. Numerical experiments
demonstrate that, to compensate for this flow force, several rings are produced each year. Since the slowly
drifting rings need to balance the entire flow force of the retroflecting jet, their length scale is considerably
larger than the Rossby radius; that is, their scale is greater than that of their classical counterparts produced by

instability.

Recent observations suggest a correlation between the so-called ** Natal Pulse” and the production of Agulhas
rings. As a by-product of the more general retroflection experiments, the pulse issue is also examined numerically
using two different representations for the pulses. The first is a meander pulse (i.e., the pulse is similar to a
meander) and the second is a transport pulse. It is shown that, in this model, there is no obvious relationship
between the presence of Natal pulses and the production of rings.

1. Introduction

All western boundary currents have been observed
to shed vortices at their downstream terminations. Ex-
amples are the Gulf Stream (Richardson 1983), the Ku-
roshio (Solomon 1978), the East Australian Current
(Nilsson and Cresswell 1980), the Brazil Current (Le-
geckis and Gordon 1982), and the Agulhas Current (L u-
tjeharms 1981). Compared to the shedding of rings ob-
served elsewhere, that of the North Brazil Current
(NBC) and the Agulhas is unusual in two important
respects. First, because of the continental configuration,
these rings cause a substantial unidirectional leakage of
tropical and subtropical waters from one ocean to the
other. This process may be a key component of the
global thermohaline circulation cell (Gordon 1986).
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Second, both North Brazil Current rings and Agulhas
rings are anticyclonic, leading to adistinct vorticity con-
tribution to the receiving ocean.

Traditionally, most eddy formation processes have
been associated with currents and frontal instabilities.*
Such instabilities generate meanders that grow, close
upon themselves, and then pinch off. The separation
process of western boundary currents and their subse-
guent poleward intrusion also produces rings (e.g., see
Nilsson et al. 1977; Nilsson and Cresswell 1980; Olson
1991). Both the former and the latter mechanisms are
probably the correct formation mechanisms for many
eddies and rings in the ocean (e.g., Gulf Stream and
Kuroshio rings, the Brazil and East Australia Current
rings). However, retroflection eddies (e.g., North Brazil
Current rings, Agulhas rings) are unique and do not

1 By “instability’” we mean here the breakdown of a known steady
solution. With this definition, a simple transfer of momentum from
an observed ‘““mean” flow to eddiesis not necessarily associated with
instability because the mean flow may not be steady.
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Fic. 1. Conceptual portrayal of the southern Agulhas Current, the
Agulhas retroflection, and the Agulhas Return Current. The progra-
dation of the Agulhas retroflection loop is shown for days during
1978 (according to Lutjeharms and van Ballegooyen 1988b). The bar
marked E shows the westernmost position to which the retroflection
loop has been observed to extend (Lutjeharms 1988). The 200-m
isobath, showing the width of the continental shelf, is given as a
broken line. The large meander in the path of the Agulhas Return
Current at 27°E is due to the presence of a bottom obstruction, the
Agulhas Plateau.

belong to either of the above categories because they
correspond to a primarily zonal protrusion of the parent
current. Also, retroflection rings are always generated
in the same location, suggesting a new, geographically
controlled, formation mechanism.

This suggestion is supported by the observations that
retroflection rings are typically larger than rings pro-
duced by instability. We focus here on an eddy gener-
ation process associated with such a geographical con-
trol, alarger length scale, and a zonal retroflection. The
essential elements of the process have been newly for-
mulated analytically by Nof and Pichevin (1996, here-
after referred to as NP) for the NBC. They showed that
retroflection rings result from a paradox associated with
a momentum imbalance generated by a zonal jet that
curves back on itself. Here, we focus on the Agulhas
Current (Fig. 1) and present new sets of numerical ex-
periments describing the *‘retroflection paradox’” and
the ring shedding process in detail.

a. Observational background

In its southern reaches, the Agulhas Current is a nar-
row [~100 km (Gordon et al. 1987)] and deep current
(~1500 m) with surface velocities in excess of 1.5 m
s (Duncan and Schladow 1981) and a (still debatable)
volume flux of roughly 70 Sv. It exhibits increasing
tendencies to meander as it moves past the widening
continental shelf south of Africa (Lutjeharms et al.
1995). Ultimately, south of about 37°S (Fig. 1), it runs
past the southernmost point of the shelf, forms rings
(Duncan 1968), and retroflects to form the Agulhas Re-
turn Current (Bang 1970; Harris and van Foreest 1978;
Gordon 1985; L utjeharms and Ansorge 1999, submitted
to J. Phys. Oceanogr.). These aspects have been known
for some time. In fact, some of them can be seen even
in the nineteenth century surface current charts (Pearce
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1977) and in very early hydrographic studies (Dietrich
1935).

The retroflection point is not geographically station-
ary but progrades westward at increasing rates (Lutje-
harms and van Ballegooyen 1988a) until a ring occlu-
sion takes place. This process has been studied using
satellite remote sensing in the thermal infrared (Lutje-
harms 1981) and altimetry (Feron et al. 1992). It has
also been observed hydrographically at sea (Lutjeharms
and Gordon 1987). The progradation rate of the Agulhas
retroflection loop varies between 7 and 15 km day*
(Olson and Evans 1986). The maximum distance to
which the loop protrudes into the South Atlantic (Lu-
tieharms 1988) before a ring is shed (Fig. 1) is also
quite variable. This process is reasonably well repre-
sented in most eddy-resolving, global circulation models
(e.g., Semtner and Chervin 1992; L utjeharms and Webb
1995) athough such models do not explain the eddy
generation process in detail.

Ring shedding at the Agulhas retroflection occurs at
irregular intervals, but in general about six times per
year. Lutjeharms and van Ballegooyen (1988a) have es-
timated six to nine times per year, Feron et a. (1992)
about four to eight, and Goni et al. (1997) about two
to six. Agulhas rings have a diameter of 200 to 280 km,
reach a depth of 1100 m (Duncombe Rae 1991), and
have azimuthal speeds of about 0.6 m s~ (Duncombe
Rae 1991). They drift northwestward into the South
Atlantic at arate of about 5-8 km day—*, and estimates
of the resulting volume flux vary between 3 and 15 Sv
(Sv = 10° m® s*) (Gordon et al. 1992).

Gordon et al. (1987) arrived at an estimate of 10 Sv
for water entering the Atlantic in 1983 to feed part of
the imbalance associated with the water in the southeast
Atlantic. Whitworth and Nowlin (1987) observed a
much larger Indian—-Atlantic transport of 20 Sv in 1984,
but it is not obvious that the two correspond to the same
water so that it is not clear how the two amounts can
be compared. Bennett (1988), on the other hand, arrived
at lower values of 6.3 and 9.6 Sv for 1983 and 1984.
From these amounts that enter the Atlantic, Bennett ar-
gues that only 2.8 Sv are warm Indian Ocean water.
Stramma and Peterson (1990) find an Indian to Atlantic
transfer of 8 Sv whereas Gordon and Haxby’s (1990)
inventory of rings suggests atransport of 10—15 Sv. The
McCartney and Woodgate-Jones (1991) definition of an
eddy corresponds to a smaller feature than that consid-
ered by Gordon and Haxby (1990) and, consequently,
they arrive at a smaller estimate of 2-5 Sv. In a sub-
sequent article, Gordon et al. (1992) proposed a cir-
culation pattern that is somewhat different from Gor-
don’s (1986) original suggestion. In their new scenario,
much of the Indian Ocean surface water, which enters
the South Atlantic via the Benguela Current and Agul-
has rings, recirculates and exits the South Atlantic.
Byrne et al. (1995) suggest that the rings carry at least
5 Sv to the South Atlantic, and Goni et al. (1997) suggest
a similar transport. Accordingly, we shall assume here
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that the Indian—Atlantic mass flux due to rings is about
5 Sv.

Using familiar formulas for B-induced drift of rings
(e.g., Nof 1981) one easily finds that most of the ob-
served ring drift (80% or so) is due to advection by the
mean surrounding circulation and due to some other, yet
unclear, propulsion mechanism rather than self propul-
sion dueto 83 (e.g., see Dewar and Galliard 1994; Radko
and Stern 1998). This means that perhaps 1-2 Sv are
due to the B-induced migration and the remaining 3-4
Sv influx is due to another cause of migration.

b. Theoretical background

Presently, there is no agreement on why the Agulhas
Current retroflects. It is clear, however, that the African
continent terminates prior to the vanishing of the wind
stress curl (Veronis 1973) so that the common expla-
nation of detachment due to no interior transport does
not apply. Explanations for the retroflection range from
strong continental curvature causing a surfacing ther-
mocline (Ou and de Ruijter 1986) to bottom topography
(Matano 1996). The interested reader is referred to Ma-
tano (1996) for a thorough review of previous retro-
flection theories, and to de Ruijter (1982), Lutjeharms
and van Ballegooyen (1984, 1988a,b), de Ruijter and
Boudra (1985), Boudra and de Ruijter (1986), Boudra
and Chassignet (1988), and Chassignet and Boudra
(1988). For the purpose of our present study we shall
take the presence of retroflection for granted; that is,
we shall not be asking the question of why the retro-
flection occurs but rather ask the question of what hap-
pens if a retroflection is somehow set up. We chose to
do so because the question of why Agulhas rings are
formed is even less clear than why there is a retroflec-
tion.

Ou and de Ruijter (1986) have suggested that Agulhas
retroflection rings are produced due to curvature con-
straints. Although their model is useful and may shed
some light on the separation process, it does not provide
much information regarding the ring generation itself.
The same can be said of de Ruijter and Boudra (1985),
Boudra and de Ruijter (1986), and Matano (1996). The
only study that is specifically directed at ring dynamics
is that of Boudra and Chassignet (1988) and Chassignet
and Boudra (1988). They argue that coastal friction, as
well as inertia and baroclinicity in the overshooting
Agulhas, play important roles in the frequency of ring
formation. It has also been suggested that the down-
stream passage of a Natal pulse, a solitary meander of
the trajectory of the Agulhas Current, may induce aring
formation (Lutjeharms and Roberts 1988). Recent in-
vestigations using altimetric data to monitor the current
(van Leeuwen et al. 1999) have suggested that the pas-
sage of every single pulse leads to the shedding of a
ring when the pulse reaches the retroflection. However,
rings may also be spawned without the intercession of
a Natal pulse. As just mentioned, NP have shown an-
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FiG. 2. The paradox and its resolution (in the Southern Hemisphere)
according to NP To simplify the analysis, NP considered the cases
where there is no coastline tilt (i.e., v = 0). To compensate for the
westward momentum flux (or flow force) created by the approaching
and the retroflected currents, westward propagating anticyclonic rings
are generated. In this scenario, the eddies exert an eastward momen-
tum flux analogous to the backward push associated with a firing
gun. The “wiggly” arrow denotes migration.

alytically that, without the production of rings, retro-
flection leads to an unbalanced flow force resulting in
a paradox. [A similar process is discussed in Pichevin
and Nof (1997) where it is applied to a channel flow.]

c. Present approach

We use numerical experiments to examine the NP
paradox in detail and illustrate that it is responsible for
the generation of the Agulhas rings; that is, we show
that there cannot be a retroflection without the gener-
ation of rings. This paper is organized as follows. In
section 2 we shall briefly review NP's results and apply
them to the Agulhas Current. We shall then present a
set of 18 numerical experiments performed with the
Bleck and Boudra (1986) reduced-gravity numerical
model (section 3). These experiments confirm our anal-
ysis and represent a broad range of parameters. Four
numerical experiments corresponding to the Natal pulse
are discussed in section 4, and the results are summa-
rized in section 5.

2. Theoretical overview

This section summarizes briefly the NP model and
discusses its application to the Agulhas. We consider a
westward flowing boundary current (with density p) em-
bedded in an infinitely deep, stagnant lower layer (with
adensity p + Ap). The current retroflects at some point
and turns eastward (Fig. 2) after separating from the
wall; as mentioned, the cause of the retroflection is not
important for the present analysis.

Using the nonlinear shallow-water equations for an
inviscid fluid, NP have shown analytically that the ap-
proaching and retroflecting currents exert a westward
momentum flux that cannot be balanced in a purely
steady-state situation (i.e., astate where the approaching
current merely retroflects and flows eastward). They
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termed this aspect the retroflection paradox and dem-
onstrated that, to balance the momentum flux and re-
solvethis paradox, westward drifting rings are generated
on the western side of the retroflection. During their
formation, the westward moving rings exert an eastward
momentum flux analogous to the backward force as-
sociated with afiring gun. NP found the eddy generation
periodicity to be O(fe%¢)-* [where ¢ = BR,/f, ~
0(0.01) and R, isthe Rosshy radius] and the ring radius
to be O(R,/&v®). This shows that the generation timeis
long and that the rings are larger than the rings produced
by classical instability processes [O(R,)].

The Nof and Pichevin computations were made using
integrated constraints (without solving for the detailed
ring generation process). Specifically, the momentum-
flux constraint was obtained by integrating the x-mo-
mentum equation over space and time and the conser-
vation of mass and potential vorticity were also used.
It turns out that, in addition to these constraints, a clo-
sure condition isrequired, and to satisfy this, the exiting
rings were considered to be *‘kissing’’ each other. Clear-
ly, there is no reason for the actual rings to touch each
other, but this closure condition provides an upper
bound on the ring's volume flux and a lower bound on
both the periodicity and size.

Application of the NP analytical solutions to the
Agulhas Current with numerical values of (admittedly
small) 40 Sv transport, a reduced gravity of 1.5 X 10-2
m s2, a basic undisturbed depth of 653 m, a current
potential vorticity depth? of 2125 m (yielding arelative
vorticity of —0.2f at the center of the resulting rings),
B of 2 X 100" m~t s*, and a Coriolis parameter of 8
X 105 s* gives a periodicity of 164 days, a radius of
227 km, a drift of 3 cm s7%, and an upper-bound ring
volume flux of 11 Sv (which is 28% of the inflow). The
periodicity (164 days) is considerably larger than the
observed one (60 days), and so is the predicted upper
bound of the eddy mass flux (11 Sv compared to 5 Sv).
The size of the calculated rings is aso larger than the
observed one (a radius of 227 km instead of roughly
130). With an artificidly large B (6 X 10°* m=* st
instead of 2 X 10 m~* s~%) and a current potential
vorticity depth of 1375 m (yielding again arelative vor-
ticity of —0.2f at the resulting ring’s center) we get a
periodicity of 66 days, a somewhat more reasonable
(though still relatively large) radius of 190 km, a more
reasonable drift of 6.4 cm s*, and alarger upper bound
volume flux of 13 Sv.

It should be pointed out that, because of the tendency
of nonlinear frontal models such asoursto producelarge
speeds along the front, we have chosen arelatively low
value for the mass flux (40 Sv). Even with this reduced
value, the orbital speed along the eddies’ edge is still

2 Note that the potential vorticities of the basin and current are not
necessarily identical.
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Fic. 3. The domain of our numerical simulations and the initial
position of the current (thick solid arrow). The southern tip of Africa
isidealized as atriangle (shaded area) and an inflow is prescribed at
the northern boundary along the east coast of Africa. The initial
condition isacurrent flowing along Africaand retroflecting at agiven
latitude to flow eastward. The eastern and western boundaries have
open boundary conditions. The basin size is 1650 km X 3300 km.
The thick broken line denotes the boundary of the region for which
the computed mass fluxes and momentum fluxes are later shown. The
thin broken line (AJ) will later be used to describe variabl es associated
with the Natal pulse. vy is the inclination of the east African coast.

large (3.9 m s1) but this is typical for such models
(e.g., see Flierl 1979; Pichevin and Nof 1997). Note,
however, that the results are not very sensitive to the
choice of the upstream mass flux and, aside from the
high speed along the edge, even 70 Sv give reasonable
values for al the variables. Finally, note that, for the
above numerical values, ¢ = 0.009 75 so that V¢ =
0.46 implying a potentially nonnegligible error in the
computations. Recall, however, that using such a large
value for an expansion parameter is not unusual. Qua-
sigeostrophic theory, which requires a small Rossby
number, is routinely applied to eddies and rings whose
Rossy number is as large as unity. Finally, it should be
pointed out that the NP theory cannot be applied to rings
that migrate meridionally (e.g., rings resulting from the
East Australia Current described by Nilsson and Cress-
well 1980) rather than zonally because of the additional
(B-induced) meridional forces that enter the problem.

3. Numerical confirmation
a. The model

To examine the validity of our findings, 18-numerical
experiments using the Bleck and Boudra (1986) re-
duced-gravity isopycnic model were performed on a 8
plane (see Fig. 3 and Table 1). The African continent
is idealized as a triangle whose eastern boundary has
an inclination vy. The boundary conditions are (i) free-
slip along the African coast, as well as the northern and
southern boundaries, and (ii) Orlanski second-order
open boundary conditions along the eastern and western
boundaries with an additional sponge layer 10 points
wide. Aswe shall see, the streamlines are not disturbed
when the fluid leaves the basin, suggesting that these
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open boundary conditions are satisfactory. In addition,
changing the location of the boundary did not alter the
behavior of the interior flow indicating that the bound-
ary conditions are adequate. Note that, since the frontal
flow does not reach the northern and southern bound-
aries ED and CAB (see Fig. 3), it really does not matter
what conditions are prescribed there.

A constant uniform potential vorticity inflow parallel
to the eastern coast of Africa is prescribed along the
northern boundary (section FG, Fig. 3). (Note that the
potential vorticity is zero when the potential vorticity
depth is infinite) Such a current has maximum speed
along the (slippery) boundary. This upstream speed de-
cays exponentially to zero as one moves a few Rosshy
radii offshore (which is in agreement with the obser-
vations). The initial conditions consist then of a current
(geostrophic in the regions where it is rectilinear) that
retroflects at the chosen latitude and then flows eastward
(Fig. 3). Thetwo regions where the current isrectilinear
are connected by circular isolines tangential to the up-
stream current (at the tip of Africa) and the zonal down-
stream current. Initially, the current isforced to retroflect
by adjusting the upstream depth along the coast in such
a way that the upstream transport equals the specified
downstream transport; that is, conservation of mass re-
quiresthe current to retroflect at t = 0. After theseinitial
conditions are set, the current is free to do whatever the
dynamics require it to do. We shall see, however, that,
even though the retroflection is no longer forced, the
current chooses to maintain the retroflected position.

The experiments were done using the following pa-
rameters. The reduced gravity was g’ = 1.5 X 102 m
s 2 and the Coriolis parameter f, = —8 X 1075 s
The other parameters vary according to Table 1. The
numerical parameters of the model are (i) a time step
of 800 s, (ii) agrid step of 15 km (i.e., three grid points
per one Rosshy radius), (iii) a grid size of 220 X 110
points, and (iv) a Laplacian viscosity coefficient of v =
5 X 1072 m? st (which is the lowest we could choose
for stability).

b. Reference simulation

In this first basic experiment (Expt. 1), the angle of
the coast y was 45° and the current retroflected 300 km
south of thetip of Africa. Theresults are showninFigs.
4, 5, and 6. The overal behavior of the flow is as ex-
pected, that is, the current flows along the east coast of
Africa, retroflects, forms the Agulhas Return Current,
and produces rings in the process.

Several points deserve particular attention:

1) The flow, in general, and the ring formation, in par-
ticular, are not exactly periodic. Nevertheless, we can
definethe ““ periodicity’” of the flow to be the average
time required for the shedding of a ring.

2) The downstream current is not steady but strongly
meanders. The meanders can form eddiesto the north
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CONTOUR FROM 501.00 TO 90501. CONTOUR INTERVAL OF 10000.

! I

Exp. 1
t =75 days

0.326E+03
MAXIMUM_;’ECTOR
FiG. 4. Depth contours (upper panel) and velocity vectors (lower
panel) of the reference simulation (expt 1). Asin our analytical cal-
culations, the prescribed inflow has zero potential vorticity. The re-
troflected current was initialized 300 km south of the tip of Africa
Note that, by this time, the retroflection loop has prograded south-
westward away from the coast (Fig. 3). Velocity vectors are given
in centimeters per second; depth contours are given in tens of meters;
the basin size is 1650 km X 3300 km.

or to the south (Fig. 6), as observed regularly in
nature (e.g., Lutjeharms and Valentine 1988). (Note
that, in reality, some of the meanders are due to
bottom topography.) Despite these oscillations, how-
ever, a measure of the current geostrophy 40 grid
points west of the eastern boundary shows that the
current is geostrophic within 20%, indicating that
the assumption made in the theoretical analysis is
reasonable (Fig. 7a). Also, a comparison of the an-
alytical and numerical momemtum fluxes will |ater
show that the assumption is adequate.

3) The Agulhas Return Current maintains its retroflect-
ed position despite the fact that it is not forced to
do so after its initial formation.

4) The upstream current has fluctuationsin its transport
(Fig. 7b). These fluctuations are a result of the ret-
roflection process, which influences the upstream
conditions through the radiation of Kelvin waves
along the coast. Since the inflow is prescribed as
steady in our simulations, these fluctuations are com-
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Exp. 1
t =150 days

Exp. 1
t =150 days

1
0.295E+03
—
MAXIMUM VECTOR

Fic. 5. Same as Fig. 4 but at t = 150 days (Expt. 1). By now, the
retroflecting loop has closed upon itself and a ring has been shed.
Also, note the **pool” of cold water that is formed by a strong me-
ander in the Agulhas Return Current. As before, velocity vectors are
given in centimeters per second and depth contours are given in tens
of meters.

pensated for by a weak zonal current flowing along
the northern wall. This current can be seen in the
lower panels of Figs. 4—6 where the velocity vectors
are shown but is too weak to be noticed in the depth
contour plots. In the real ocean, those fluctuations
would probably travel farther upstream. These fluc-
tuations are not negligible and can change the trans-
port by as much as 35 Sv, which is 50% of the inflow
in the magnified B experiment. The resulting aver-
aged volume flux of the inflow is 85.4 Sv. With the
regular nonmagnified B the change in the transport
is no more than 25%. (It is presently unknown
whether such fluctuations occur in the real ocean.)

5) Occasionally, eddies formed in the northeastern part
of the retroflected current detach, propagate west-
ward and encounter the approaching current. (This
can result in anumerical transport *“pulse.”’) By con-
trast, in nature, these eddies are observed to be ad-
vected eastward, implying that these simulated
events are probably artificial.

The simulated formation of an Agulhas ring is very
similar to what is observed in the ocean. In the retro-
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Fic. 6. Same as Fig. 4 but at t = 255 days (Expt. 1). By thistime,
a second ring has been shed. Note the upstream retroflection point
and (again) the pool of cold water formed by a strong meander in
the Agulhas Return Current. Also, note that the two generated Agul-
has rings are fairly close to each other indicating that our ‘“‘kissing
condition (used to close the analytical solution) is not too bad.

flection area, the loop of the current forms a front that
moves southwestward along the coast at about 4 km
day~*. (In nature, the actual propagation speed is some-
what faster, 7-15 km day*.) This causes a narrowing
of the northern part of the loop until a ring is formed
and is carried westward by B. As a result, the retro-
flection point moves to an upstream position, roughly
where the loop closed upon itself (Fig. 6). Thisis also
consistent with the observations.

The westward drift of the numerical rings is 6 km
day~*, in good agreement with the observed drift speed.
Namely, although artificial, the magnified value of 8
gives a reasonable migration rate. However, in the nu-
merical experiments with magnified B, the periodicity
of therings is roughly 130 days, leading to arelatively
large simulated ring volume flux of 17.5 Sv (20.4% of
the averaged total inflow). Both the numerically simu-
lated periodicity and the simulated eddy mass flux are
about twice or three times as large as the observed val-
ues (60 days, 5 Sv). The experiment with realistic (in-
stead of magnified) B (Expt. 18) givesamorereasonable
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Fic. 7a. The geostrophic coefficient of the downstream current
[defined by X u?u — ug|/Z u?, where u is the instantaneous speed
and u, is the geostrophic speed computed from the depth profile.
(Note that the inclusion of u? in the coefficient emphasizes the high
speeds rather than the weak flow.)] as a function of time (Expt. 1).
This calculation was done over cross-section B'H (shown in Fig. 3).
The figure shows that the downstream deviations from geostrophy
and, hence, the deviations from one-dimensionality, are usualy less
than 20%.

value for the mass flux (about 7 Sv) but less reasonable
values for both the periodicity and the size. The rings
are produced more slowly than in nature, about once
every 500 days (instead of once every 90 days or less).
Similarly, their radius is 370 km instead of about 100
km.
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300 400 600 700

Time in days

0 100 200 500

FiG. 7b. The simulated volume fluxes (cm?® s-*) of the prescribed
inflow (straight plain line), the adjusted inflow [measured 60 km
downstream of the northern boundary (irregular plain line)], the re-
troflected current (dashed line), and the rings (dotted line). Note that
the formation of rings is fairly periodic, and that both the Agulhas
Return current and the inflow experience strong transport fluctuations.
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Fic. 8. The simulated eddies momentum flux averaged over three
periods [(1/3T) [ [ (hu? — fi + gh?/2) dy dt, where T is the peri-
odicity, h the layer thickness, and ¢ the streamfunction defined in
the conventional manner] as a function of the combined upstream
and downstream momentum fluxes (in 10 cm#* s~2). For each nu-
merical experiment, the measured value of the eddy momentum flux
and the measured value of the inflow and outflow momentum flux
are plotted, that is, the solid line shows the balance considered in
NP's analytical computations and the solid dots are the numerical
experiments. [Numerals correspond to the number of the experiment
(Table 1)]. Note that, despite the *‘kissing assumption”” made in NP
(implying that the eddies touch each other as they move westward),
and despite the relatively large value of the expansion parameter [V
6 = (BRy/f,)¥¢ =~ 0.48], the agreement is very good. This is because
the comparison involves two integrations (one in space and one in
time), which tend to smooth out the errors.

c. Sensitivity experiments

Sensitivity experiments were conducted to show how
robust the results of the reference simulation are, and
how they can possibly be improved (see Table 1 and
Figs. 8, 9, 10, and 11). We performed a total of 17
additional experiments, four of which simulate the Natal
pulse (and will be discussed later). The experiments
were conducted by varying the chosen depths, potential
vorticity, and other variables (Table 1). The experiments
include simulations with three different inclinations of
the coastline (25°, 45°, and 60°), five different values
of potential vorticity [0, 6.67, 5.33, 4, and 2.67 (X108
m-* s1)], four upstream transports (40 Sv, 70 Sv, 100
Sv, and variable), four undisturbed depths (700 m, 935
m, 1000 m, and 1100 m), and four with variable trans-
ports (the pulse experiments). They also include, one
experiment with no-slip along the continent instead of
free-dlip, one with a finite depth south of the Agulhas
Return Current instead of zero depth, which the NP
theory requires, and one with g of 2 X 10-* m-* s¢
instead of 6 X 10~ m-* s . For most of the experi-
ments we chose a magnified value for 8 of 6 X 10~
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FiG. 9. The measured simulated eddy mass flux relative to the main
current flux (percentage) versusthe theoretically calculated eddy mass
flux (percentage). For each numerical experiment, the numerical value
isgiven on the vertical axis and the theoretical value on the horizontal
axis. Hence, the solid line is the (NP) theoretical upper bound, that
is, the dots must lie below the line if the analytical bound found by
NP is valid. Note that the inclination of the coastline is absent from
the theoretical calculations and that the theoretical calculations are
for relative vorticity of —0.2f at the center of the eddies. The dif-
ference between the upper bound and the numerical values are due
to the “‘kissing assumption” and the relatively large value of the
expansion parameter (0.48).

m-* s~*; such a magnified value accelerates the detach-
ment of the rings and makes our runs more economical.

We changed only one parameter at a time, keeping
the others fixed. We began by varying the potential vor-
ticity of the current and noting that changing the zero
potential vorticity of the inflow to a finite potential vor-
ticity (expt 2) does not alter the overall behavior of the
flow. When the potential vorticity depth H, is 1.2 times
the undisturbed depth in the northeast, the periodicity
becomes 150 days and the volume flux of the rings is
17.2 Sv, dlightly different from the zero potential vor-
ticity experiment (130 days and 17.5 Sv). The influence
of the potential vorticity was also tested in experiments
8, 9, and 10, which confirm the (weak) tendency of a
decrease in the potential vorticity depth to increase the
periodicity and ring volume flux.

Setting the depth in the south to be 200 m (expt 3)
instead of zero also leads to a behavior qualitatively
similar to that of the reference simulation. Theresulting
periodicity is 100 days and the ring volume flux 15.2
Sv. These results are much closer to the observations,
probably because the actual depth in the south is not
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Fic. 10. The simulated ring’s radius (in km) versus the theoretically
predicted radius. As before, for each numerical experiment the mea-
sured radius is given on the vertical axis and the theoretically com-
puted value is given on the horizontal axis. Hence, the solid line
represents the NP lower bound, that is, the dots must lie above the
line if the bound found by NP is correct. Note that, as before, the
diffrences between the numerically simulated size and the lower
bound are due to (a) the so-called kissing assumption made in NP's
calculations (implying that the rings are touching each other) and (b)
the expansion parameter [e¥¢ = (BR,/f,)¥¢], which isrelatively large
(0.48). [Also, note that the simulated ring's radius was determined
by extrapolating the steep gradient of the bell-shaped thickness profile
toward the free surface and finding the (closed) contour along which
it strikes the free surface.]

zero but rather is a few hundred meters. Using no-slip
boundary conditions along the African coast (expt 4)
instead of slip conditions does not lead to qualitative
changes either. The periodicity of ring shedding is un-
changed at 130 days and the ring volume flux is now
14.9 Sv, which is 18% of the inflow and is closer to the
observations. (The volume flux of the total inflow is
reduced from 85.4 Sv to 82 Sv when using the no-slip
boundary conditions.)

Repeating the reference simulation, but giving a
smaller value to the angle of the coast (25° instead of
45°, see details for expt 5 in Table 1) results in a pe-
riodicity of 110 days (instead of 130 days) and a ring
volume flux of 19 Sv (instead of 17.5 Sv). However, in
experiment 17, a larger angle leads to a smaller rather
than larger periodicity, so that the influence of the angle
variations is not clear. With an angle y = 25°, but with
an inflow increased to 100 Sv (expt 6), we find a de-
creased periodicity of 90 days and an increased eddy
volume flux of 24% (compared to 23% in expt 5). The
sensitivity of the analytical solution to the upstream
volume flux is confirmed by experiment 15, which in-
cludes a reduction of the upstream mass flux to 40 Sv.
(Note that expt 15 is to be compared to expt 1 because
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Fic. 11. The simulated ring periodicity (in days) versus the the-
oretically predicted periodicity. Again, as before, for each numerical
experiment the measured value is given on the vertical axis and the
theoretical values on the horizontal axis. The solid line represents
the NP lower bound in the sense that al the dots must lie above the
line if the NP results are valid. Recall that, as before, the differences
between the numerically simulated periodicity and the theoretically
predicted periodicity is due to (a) the so-called kissing assumption
made in NP's calculations and (b) that the NP expansion parameter
is relatively large (0.48).

both involve an angle of 45°). This resulted in an in-
creased periodicity of 150 days and a decreased ring
volume flux of 19% (instead of 20%). With the retro-
flected current set 180 km south of the tip (expt 7)
instead of 300 km, the periodicity is less defined and
has an average of 80 days. The eddy volume flux is
reduced to 19 Sv. The loop that is formed between the
approaching and retroflected currents can now be closed
much faster (because the currents are initialy closer)
so that the rings are smaller and are produced faster.
This is confirmed by experiment 16 (to be compared to
expt 1) in which the distance was set to 500 km.

We can say (on the basis of the results shown in Figs.
8-11) that, within the range of parameters surveyed, the
overall behavior of the flow is not drastically affected
by the potential vorticity, the depth in the south, the
free dlip/no slip boundary conditions at the coast, the
angle of the coast, the volume flux of the approaching
current, and the latitude of the retroflected current. How-
ever, these parameters modify the periodicity and the
ring volume flux.

The best agreement between the NP analytical so-
lution and the numerical simulation isinthe momentum-
flux balance (Fig. 8). This agreement is very good de-
spite the various approximations (such as the “kissing
assumption’) because the comparison is between prop-
erties integrated over both space and time. Such inte-
grations tend to smooth out the errors. The comparison
of the analytical and numerical mass flux (Fig. 9) as
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well as the comparisons of the eddies radius and pe-
riodicity (Figs. 10 and 11) are in agreement with our
upper and lower bound considerations. Here, the dif-
ference between the theory and the experiments reflects
the kissing assumption and the relatively large value of
the expansion parameter V¢ (=0.48).

Before proceeding and discussing the relationship be-
tween our numerical results for the Natal pulse, it is
appropriate to comment again on the relationship be-
tween our simulated eddy mass flux, the simulated eddy
periodicity, and the simulated eddy radius to the cor-
responding values observed in the ocean. The simulated
eddy mass flux in the experiments with magnified B
(Expts. 1-17) is, on average, 20% of the simulated up-
stream transport (Fig. 9), which, for a simulated up-
stream transport of 70 Sv, gives about 14 Sv. Similarly,
the average simulated periodicity with magnified B is
about 110 days (Fig. 10) and the average simulated size
is about 270 km. With realistic 8 (expt 18) the eddy
mass flux reduces to about 7 Sv but the periodicity
increases to 500 days and the size to 370 km. Since the
deformation radiusin our model is similar to the oceanic
value (=48 km) and so is the Coriolis parameter, we
can directly compare the above results to the observed
values. The upper bound for the eddy mass flux (7 Sv)
is fairly close to the observed flux (~5 Sv) but the
remaining variables (periodicity and size) are two to
three times larger than the observed values. Neverthe-
less, we believe that our very simple model capturesthe
fundamental dynamics of ring formation.

d. Relationship to Chassignet and Boudra's (1988)
and Boudra and Chassignet’s (1988) results

Using numerical simulations in a three-layer isopyc-
nic model, Boudra and Chassignet (1988) and Chassig-
net and Boudra (1988) suggested that the formation of
Agulhas rings was due to a mixed barotropic—baroclinic
instability. Since our integrated approach does not give
any information about the detailed local mechanism re-
sponsible for the generation of rings, it is impossible
for us to say what the exact mechanism is. However,
our model suggests that it is not appropriate to speak
here of classical instability because there is no known
steady state that is breaking down. Boudra and Chas-
signet’s (1988) and Chassignet and Boudra's (1988) sen-
sitivity analysis showed that decreasing the angle of the
coast lead to an increase in the production of rings. Our
related numerical experiments are inconclusive. While
experiment 5 shows indeed a shorter periodicity than
experiment 15 (which has a larger angle), experiments
6 and 17 show the same periodicity even though the
angles in the two experiments are quite different (see
Table 1 and Fig. 10). Also, Boudra and Chassignet
(1988) and Chassignet and Boudra (1988) found that
increasing the inertia reduces the production of rings
because their jet can retroflect more easily. Our results
show, on the other hand, that changing the inertia (via
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Fic. 12. The angle (measured counterclockwise from the coast to
the prescribed velocity vector) corresponding to the meander pulse.

changing the potential vorticity depth) has little effect
on the periodicity (see expt 1 shown in Figs. 4-7 and
expts 8, 9, and 10 shown in Fig. 10). Given the fun-
damental differences between the Boudra and Chassig-
net (1988) and Chassignet and Boudra (1988) model (a
closed basin three-layer model driven by wind) and our
model (an open basin 1%-layer model driven only by
inflow and outflow specifications), it is impossible to
pinpoint the processes responsible for the differencesin
ring production.

4. Simulating the Natal pulse

We used two different models to examine the role of
the Natal pulse (expts 11-14) and conducted four pulse
experiments. First, we used a ‘*meander pulse,” which
isameander generated by orienting the velocity vectors
of the prescribed inflow normal to the coast during a
finite amount of time (expts 11, 12). Second, we used
a'‘transport pulse,”” where the velocity of the prescribed
inflow is temporarily increased so that the transport is

Exp. 13, 14
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upstream transport (Sverdrups)

]
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Fic. 13. Evolution of the prescribed inflow during a transport

pulse.
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GENERATION OF A TRANSPORT PULSE
(Exp. 13, t =75 days)
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Fic. 14. The velocity vectors of the upstream reference simulation
(upper panel), the meander pulse (central panel), and the transport
pulse (lower panel). Note that all are shown for day 75. The position
of point F relative to the African continent is shown in Fig. 3.

temporarily doubled (expts 13 and 14). In two out of
the four pulse numerical experiments, the pulses were
prescribed five times at a 100 day interval, each pulse
lasting for 7 days (expts 11 and 13). The remaining two
pulse experiments (expts 12 and 14) contained a 45-day
interval instead of 100 days. All of these values are in
qualitative agreement with oceanic values.
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Fic. 15. Asin Fig. 4 but with a Natal pulse simulated as a meander
in the prescribed inflow every 100 days (expt 11). This results in a
small eddy, which propagates downstream along the coast and can
sometimes close the retroflecting loop. Basin size: 1500 km X 3300
km. As before, velocity vectors are given in centimeters per second
and depth contours are given in tens of meters.

The way that the pulses were simulated is shown in
Figs. 12, 13, and 14. The meander pulse was generated
by aligning the flow along the wall at a (varying) angle
for a period of roughly 10 days (Fig. 12). The transport
pulse was generated by gradually increasing the trans-
port (to twice its original value) and then decreasing it
over aperiod of roughly 10 days (Fig. 13). A relatively
short adjustment [O(1) day] takes place immediately
after the pulses are generated. As expected, once this
adjustment is completed (at, say, 10 days after their
generation), there are no discontinuitiesin the flow field
(Fig. 14).

We found that a meander pulse generatesa‘‘ coastal”’
eddy that propagates downstream along the African
coast at a speed of 40 cm s* (see Fig. 15), whereas a
similar transport pulse results in two eddies: the first
one stronger than the meander eddy and the second one
weaker (see Figs. 16 and 17). These two eddies prop-
agate downstream at roughly 50 cm s~*. They are sep-
arated by a distance of 300 km, indicating that they
were produced at 6.9 daysinterval, whichistheduration
of the pulse; that is, the first eddy was produced when
the volume flux increased, and the second one when it
decreased back to itsinitial value 7 days later. The pres-
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Fic. 16. Numerical experiment with a low frequency Natal pulse
simulated as a 7-day doubling of the prescribed inflow transport every
100 days (expt 13). This results in two eddies propagating down-
stream along the coast. They carry strong enough inertia to push an
Agulhas ring westward. Basin size: 1500 km X 3300 km. Again,
velocity vectors are given in centimeters per second and depth con-
tours are given in tens of meters.

ence of the two eddies is not in very good agreement
with actual Natal pulses (which propagate at about 20
cm s1). However, the presence of eddies at the seaward
side of the Agulhas Current during the passage of a
pulse has, on occasion, been inferred from satellite data
(Lutjeharms and Roberts 1988; Grundlingh 1996). Note
that our numerical pulses initial length scales are 130
km (meander) and 240 km (transport). The simulated
length scale near the tip of Africais larger, about 250
km for the meander pulse and 400 km for the transport
pulse. Both are comparable to the observed values of
200-300 km near Port Elizabeth (L utjeharms and Rob-
erts 1988).

The impact of the low frequency pulses on the pro-
duction of Agulhasringsisasfollows. A transport pulse
aways ends up in the shedding of an Agulhas ring (as
can be seen in Fig. 18), whereas a meander does not
necessarily do so (Fig. 19). Namely, the transport pulses
modify the periodicity of ring generation (which adjusts
to the periodicity of the pulses), whereas the meander
pulses are not able to do so. This can be interpreted as
follows. A transport pulse generates inertia that can
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Fic. 17. Relative vorticity at t = 75 days for a low-frequency
meander pulse in units of 10~7 s~ (upper panel). Relative vorticity
at t = 75 days for a low-frequency transport pulse in units of 10-7
s~ (lower panel).

“push” the front in the retroflecting area downstream,
forcing the loop to close upon itself and the ring to
detach. On the other hand, a meander pulse can generate
aring only if it reaches the retroflection area when the
loop between the approaching and retroflected current
isalready almost closed; the meander can then terminate
the closure.

The low-frequency transport pulses result in an in-
creased ring volume flux to the detriment of the down-
stream current. For the low-frequency transport pulse
experiment, the ring volume flux represents 22% of the
inflow, compared to 19% in the no-pulse experiment.
On the other hand, for the low-frequency meander ex-
periment, the ring volume flux is only 19.4% of the
inflow showing that it is not much different from the
no-meander case.

In ahigh-frequency experiment, atransport pulse was
prescribed every 45 days (expt 14 and Fig. 20). In this
case, the periodicity of Agulhas rings production cannot
adjust to the relatively short periodicity of the pulses
and, consequently, the resulting flow has quite a dis-
turbed, irregular behavior. The same can be said of the
high-frequency meander experiment (expt 12).

5. Summary and conclusions

Our analysis verifies Nof and Pichevin's (1996) an-
alytical model which shows that, without the production
of rings, the flow force associated with the Agulhas
Return Current would not be balanced (Fig. 2). The
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FiG. 18. Two diagrams showing the thickness h in centimetersalong
the eastern coast as a function of the distance along the coast [mea-
sured from the intersection of the virtual continuation of the eastern
coast of Africa with the southern wall (point A, Fig. 3)] and time.
The upper panel corresponds to the low frequency “‘transport pulse”
simulation, whereas the lower panel is the reference simulation. Each
leftward indentation is caused by a southwestward progradation of
the retroflection loop, which results in the production of aring [i.e.,
rings are produced in both situations (with and without pulses)]. Puls-
es are shown with short thick arrows on the right-hand side of the
upper panel. They were produced every 100 days from day 55. Due
to the pulses, the number of rings produced from day zero to day
500 increased from 4 to 5. Each pulse ends up in an Agulhas ring.
Contours are given in centimeters.
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Fic. 19. Same as in Fig. 18, but for the low-frequency meander
pulse simulation (expt 11). As with the low-frequency transport
pulses, the low-frequency meanders were also produced every 100
days from day 55. In contrast to the transport pulses, however, the
number of produced rings has not increased and each meander does
not necessarily end up in the production of an Agulhas ring. In
other words, there is no clear difference between the no-pulse case
(Fig. 18, lower panel) and the present pulse case. Contoursare given
in centimeters.
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Fic. 20. Same asin Fig. 19 but for a high-frequency transport pulse
produced every 45 days (from day 50) instead of a low-frequency
pulse produced every 100 days (expt 4). Here, the frequency of the
imposed pulses is much greater than the natural rings formation fre-
quency. As a result, the flow cannot adjust to the frequency of the
pulses and, consequently, each pulse does not end up in the production
of an Agulhas ring. Namely, the flow is less organized than that of
the no-pulse case (Fig. 18, lower panel) and there is no obvious
correlation between the pulses and the production of rings.

production of rings is therefore intrinsically necessary
and is not the result of any other factor such as transport
fluctuations, boundary conditions, or instabilities. Using
Nof and Pichevin's (1996) theoretical results, we were
able to calculate reasonable values for the size and pe-
riodicity of the rings. Our reference numerical simula-
tion (Figs. 4—7) together with 13 sensitivity experiments
(Figs. 8-11), have confirmed the theoretical analysis.
All of our numerical experiments (Table 1) exhibited a
similar behavior in terms of the rings momentum flux
(Fig. 8), mass flux (Fig. 9), radius (Fig. 10), and peri-
odicity (Fig. 11). Regardless of the particular set of
parameters of each experiment, the numerical results
were always comparable to the analytical predictions,
though some variables (e.g., momentum flux) showed
better agreement than others (e.g., periodicity).

As aby-product of our investigation, the influence of
the Natal pulse on ring generation was also examined
numerically. With the aid of four additional numerical
experiments, it was shown that a transport pulse (Fig.
16) can result in the shedding of aring. Specifically, a
transport pulse can accelerate the process of ring shed-
ding, but it does not create it (Figs. 19-20). It was also
shown that transport pulses occurring too frequently
cannot all result in a ring generation because the flow
cannot adjust to a frequency that is too high (Fig. 20).
Natal pulses simulated as meanders rather than transport
pulses showed far less impact on the production of rings
(e.g., see Fig. 19).

Before completing our discussion it should be pointed
out that this is a process-oriented study that primarily
aims at shedding light on the physical processes re-
sponsible for the production of Agulhas rings. That the
results are comparabl e to observations gives strength to
the theory, but further and more detailed numerical ex-
periments are necessary to obtain a thorough under-
standing of the processes in question. For instance, to-
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pographic features can absorb some of the forces taken
into account in our calculation.
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APPENDIX
List of Symbols

Coriolis parameter (f, + By)

reduced gravity (g' = gAp/p)

momentum flux of the Agulhas Return Current
eddy mass flux

radius of the eddies

Rossby radius, (g'H)v?/f,

periodicity

zonal speed

a measure of the distance between the centers of
two consecutive eddies

linear variation of the Coriolis parameter with lat-
itude

density difference between the layers

small parameter equal to BR,/f,

coastline tilt

density

Laplacian viscosity coefficient
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