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ABSTRACT

The Agulhas retroflection region of the wind-driven idealized South Atlantic-Indian Ocean model described
by DeRuijter and Boudra is analyzed in detail. Here, in Part I, the physical mechanisms of the model retroflection
are clucidated through illustration of the Agulhas’ vorticity balance among various experiments. In Part II, the
ring formation process is described in terms of its vertical structure and the associated energy conversions.

A one-layer model demonstration shows that both inertia and internal friction may account for a partial
retroflection where a linear, weakly viscous system has none. In the nonlinear, weakly viscous one-layer model,
the retroflection is accomplished through a free inertial boundary layer, as suggested originally by De Ruijter.
When stratification is introduced and baroclinicity increased, using the Bleck and Boudra quasi-isopycnic co-
ordinate model with 2 or 3 layers, the stretching term exerts an increasing influence. With 40-km resolution,
terms included so that the numerical model conserves potential vorticity become important as well. Both
encourage retroflection of the fluid separating from Africa’s tip. When grid spacing is halved, the importance
of the extra conserving terms diminishes and the stretching term exerts an even greater influence. The importance
of a substantial viscous stress curl along the coast of Africa, as provided by the no-slip condition, is illustrated
through comparison with a slippery Africa experiment, i

Finally, an experiment with a more realistic South African coastal geometry, giving a more realistic order of
importance to Bv in the separating Agulhas, is described. It is shown that the retroflection is still strong but that
the associated recirculation is less intense. An interesting new aspect of the retroflection is the separation of the
mean current cor¢ from the coast a few hundred kilometers upstream from the tip. The planetary vorticity
advection term plays a smaller role along the coast. Viscous effects on the coastal side of the current are still
strong, however, and are balanced primarily by stretching and relative vorticity advection. As the mean current
passes Africa’s tip, the sink of positive vorticity produced in the stretching and planetary vorticity advection
terms is left behind, and the Agulhas turns eastward. These results support the notion, advanced by De Ruijter
and Boudra, that the change in the vorticity balance at separation leads to the mode! retroflection, and they
point to the increasing importance of the divergent component of flow in the vorticity balance as more realism
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Dynamics of Agulhas Retroflection and Ring Formation in a Numerical Model.

is introduced.

1. Introduction

One of the most intriguing features in world ocean
circulation is the retroflection of the Agulhas Current
south of Africa, and an important phenomena asso-
ciated with it is ring formation at its western edge. The
Agulhas constitutes the primary boundary current of
the southwestern Indian Ocean, and as it separates from
the southern tip of Africa in a southerly or southwest-
erly direction, the major part of it retroflects, returning
eastward to rejoin the subtropical gyre. Several times
a year, in retroflecting, the current cuts itself off and a
lense of warm, salty Indian Ocean water (called an
Agulhas ring) is formed. Recently, such an event was
observed on a hydrographic data gathering cruise and
reported by Lutjeharms and Gordon (1987). In as-
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sessing the characteristics of this ring and ascribing
them to most Agulhas rings, Olson and Evans (1986)
suggest that Agulhas rings are the most energetic in the
world ocean. In addition, as they drift westward or
northwestward, the rings can have an important impact
on the kinetic and potential energy budgets of the South
Atlantic Ocean.

Several approaches have been used to physically ex-
plain the retroflection. Darbyshire (1972) and Lutje-
harms and van Balleygooyen (1984) studied the to-
pographic control of a free inertial jet as described by
Warren (1963) and by Niiler and Robinson (1967).
Application to the Agulhas retroflection showed that
small changes in bottom velocity in their models greatly
changes the calculated path of the Agulhas after sep-
aration. In addition, it was found that the magnitude
of the volume transport of the jet is an important factor
in determining whether the current penetrates west-
ward or stages an early retroflection. De Ruijter (1982)
showed that a linear Munk-type model of wind-driven
ocean circulation cannot produce a significant eastward
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turning of the Agulhas south of Africa, even with a
fairly realistic shape for the continent. In a shallow,
one-layer, inertial-frictional extension of the linear
model, inertia carries the fluid parcels far enough
southward to partially close the subtropical gyre.

Ou and de Ruijter (1986) obtained a retroflection
when they applied their model of inertial boundary
current separation to the Agulhas Current. Their re-
duced gravity model incorporated inertia, the S-effect,
and coastline curvature. The separation occurred when
the interface between the moving and motionless layers
outcropped. This position was upstream of where it
would be for a straight coast in the case of the convex
shape of South Africa. The positions of the separation
and retroflection also depended strongly on the volume
flux of the current. Their model does not include lateral
friction or temporal variability.

De Ruijter and Boudra (1985) and Boudra and de
Ruijter (1986) (henceforth referred to as DB and BD,
respectively) included temporal variability and friction
in addition to inertia and the B-effect in a study of the
South Atlantic-Indian Ocean circulation, using first a
one-layer simplification of, and then the full quasi-iso-
pycnic coordinate numerical model of Bleck and
Boudra (1981). Perhaps overly idealized aspects of their
model were the simple rectangular shape for Africa
and the small total basin size. In DB and BD, the pri-
mary focus was on parameters affecting the exchange
of fluid between the two basins. Their model retroflec-
tion was explained primarily in terms of the vorticity
balance, in which the no-slip African coast and the
magnitude of planetary vorticity advection at separa-
tion figured prominently. Influence of several other
model parameters among their experiments, including
internal lateral friction, horizontal resolution, stratifi-
cation, incorporation of bottom drag, and interaction

with the other wind-driven currents helped establish

the changes in the vorticity balance at separation as
the central cause of retroflection.

In this paper, the retroflection region of the above
numerical model is analyzed in detail. In Part I, we
focus on the retroflection vorticity balance and how
the importance of certain components of the balance
changes as the crucial model parameters are varied. In
Part II, (Chassignet and Boudra, 1988) we examine the
energetics of the experiments, particularly of the retro-
flection and the eddy detachment process.

Here in Part |, first, a simple one-layer demonstration
shows that a substantial retroflection can be established
within a purely frictional boundary layer, an inertial-
frictional boundary layer, or a primarily inertial
boundary layer. The last of these was suggested in de
Ruijter’s (1982) nonlinear extension of his linear an-
alytical solutions. In our experiments, it is the viscous
stress curl, relative vorticity advection, or a combina-
tion of the two which balances 8v so that a portion of
the Agulhas retroflects. Second, it is shown that when
stratification is introduced, as in the 2- and 3-layer ex-
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periments of BD, two additional factors must be con-
sidered in the retroflection vorticity balance: 1) the
stretching term, the importance of which increases with
the ratio of local variations in layer thickness to the
total layer thickness, and 2) terms involving the nu-
merical model’s conservation of potential vorticity and
potential enstrophy. Like the S-effect, both of these
contribute to the strength of the retroflection (the ratio
of the transport of retroflected water to that of the
Agulhas at separation). The role played by the second
factor is smaller when grid resolution is improved since
the numerical model better approximates the differ-
ential equations, which naturally conserve those prop-
erties. In a new, high resolution experiment with more
realistic South African geometry, the current core sep-
arates a few hundred kilometers upstream of Africa’s
tip. The Agulhas continues southwestward, however,
and near the tip the great part of it still retroflects. In
the vorticity balance along the coast, viscous effects are
balanced by positive vorticity generation primarily in
the relative vorticity advection and stretching terms.
As the current passes Africa’s tip, the magnitude of the
latter decreases and positive vorticity in the retroflec-
tion itself is generated by approximately equal com-
ponents of stretching and planetary vorticity advection.
With the introduction of stratification and more real-
istic geometry, then, the divergent component of the
flow becomes a major factor in the retroflection vor-
ticity balance through the stretching term and, indeed,
one of the important physical mechanisms of retro-
flection. .

The layout of the paper is as follows. In section 2,
we review the model characteristics and give a table of
the experiments. The method of analyzing the vorticity
balance is presented in section 3. A one-layer model
demonstration, including first friction and then inertia
is given in section 4. The balance in several of the mul-
tilayer experiments of BD is described in section 5.
The new experiment with more realistic African ge-
ometry is introduced and its vorticity balance discussed
in section 6. We summarize the results of our analysis
in section 7, and we discuss their significance, while
comparing with the Ou and de Ruijter (1986) model,
in the concluding section.

2. Description of the model and the experiments

The numerical models used in this study are 1) a
one-layer simplification of and 2) the full Bleck and
Boudra (1981) quasi-isopycnic coordinate, primitive
equation model, referred to hereafter as the BB model.
The model has a rigid lid, so that 1) closely approxi-
mates a one-layer quasi-geostrophic model. The ad-
vantages of the coordinate system of 2) are that vertical
resolution is concentrated where it is most needed—
in regions of large horizontal density gradients—and
the relatively large, numerically required lateral dif-
fusion is along isopycnal surfaces, which are almost
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coincident with the preferred mixing surfaces of the
ocean. To avoid the numerical difficulty associated with
coordinate surface outcropping (zero layer thickness),
the quasi-isopycnic coordinate model disallows layers
becoming thinner than a certain value (in our case, 40
db), so that fluid is allowed to pass through a layer
interface when a thickness less than that mihimum is
predicted. In such regions, the coordinate loses its iso-
pycnic nature and a thermodynamic equation is in-
cluded in the model to deal with layer density varia-
tions. In the experiments discussed here, due to the
choice of stratification and forcing parameters, fluid is
rarely exchanged between layers, and, thus, the model
may be considered a purely isopycnic coordinate one.
Additional details of the model may be found in BB.

DB and BD configured the model in an east-west
oriented rectangular basin, illustrated here in Fig. 1, to
study the influence of the Agulhas retroflection strength
on the South Atlantic-Indian Ocean circulation. The
steady wind stress profile is shown at the left of the
figure. It is seen that anticyclonic wind forcing extends
in each basin from the northern boundary to 280 km
north of the southern boundary. The westerly wind
curl zero is at this position and the southernmost por-
tion of the basin is forced cyclonically. The lateral
boundaiy conditions are generally no-slip (¥ = v = 0)
on meridionally oriented boundaries and free-slip (v
= du/dy = 0) on zonally oriented boundaries. The ex-
ception is the coast of Africa, which is entirely no-slip
but for one experiment in which it is free-slip.

The circulation pattern which develops as the model
is spun up from rest consists of an elongated subpolar
gyre near the southern boundary with a linear Sverdrup
transport of approximately 10 Sv (1 Sv = 10 m?s™')
and subtropical gyres in the Atlantic and Indian Ocean
sectors with linear interior transports of 30 and 45 Sv,
respectively. Placing the wind curl zero 400 km south
of the tip of Africa, roughly corresponding to its win-
tertime climatological mean position (Hellerman and
. Rosenstein, 1983), allows for interaction of the sub-
tropical gyres, and the amount of exchange is governed

~2
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by the strength of the retroflection of the Agulhas back
into the Indian Ocean after it reaches Africa’s tip. As
shown by BD, the strength is approximately propor-
tional to the Rossby number of the current at the tip
as long as the no-slip condition is specified on Africa.
With the free-slip condition the retroflection is essen-
tially nonexistent. In addition, at the boundary between
the subtropical gyres and the subpolar gyre is a region
of eastward drift, accompanied by a frontal-type feature
in the multilayer cases, which may interact with the
retroflecting current much as the northern edge of the
Antarctic Circumpolar Current interacts with the
Agulhas Return Current.

Many of the experiments of focus here were first
introduced in DB and BD, but a few new ones have
been formulated to clarify some aspects of the vorticity
balance, and one to give the B-effect a more realistic
importance. The experiments are defined in Table I,
which includes a short description of the retroflection,
or lack of it, in each, and indicates where the experi-
ment has been described before, if such is the case.

3. Method of analysié

To develop an equation from which the vorticity
balance of the above model may be analyzed, we begin
by writing the differential form of the equation of mo-
tion for the BB model, with the generalized vertical
coordinate denoted by the letter s:

2
(av) =—ZSX——(§,+f)ka—(.§@)Q!—aVIp

at 2 ds/ ds
or ap\™! dp
- Ty A} v, [E 1
Vb + aaz-f-A(as) f (83 st) @3.1)

where A is the lateral viscosity and the other symbols

. are conventional. Extracting the vertical component

from the curl of (3.1) yields the differential form of the
relative vorticity equation:
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FIG. 1. Geometry of the flat bottom ocean basin used in all the numerical experiments,
except E11. The wind stress profile is shown at the left.
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%% =—v- Vs — o= (§ +IVsev
(1) () 3 4
. dp\ v
- k'I:VS X (Sé;) 5;] —k:[V,a X Vo]
&) (6)
or ap\"'_ [dp
+k-Vi X a 'a—z‘ + Ak-[Vs X (5) Vs(a—s VSV)} .
) ®)
3.2)

The curl of the first term on the right side of (3.1)
vanishes. The curl of the second term on the right of
(3.1) has been broken up into terms 2, 3 and 4 in (3.2),
denoting relative vorticity advection, planetary vorticity
advection, and stretching, respectively. Term 5 is
known as the tilting/twisting term, term 6 the sole-
noidal term, térm 7 the wind stress curl, and term 8
the, viscous stress curl.

In order to develop an equation corresponding to
(3.2) from which the vorticity balance of the numerical
model may be computed, each of the terms must be
converted to finite difference form in a manner con-
sistent with that of the model equation of motion. How
this is done is central to our analysis and is demon-
strated in the remainder of this section. Some readers
may wish to pass over the finite difference formula de-
velopment, however, and for those we summarize its
outcome in the next paragraph and defer them to the
last two paragraphs of the section.

In the conversion to finite differences, terms $, 6, 7

o\ _ [t
(@)=

Xy 3

&+

P

o
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and 8 of Eq. (3.2) have straight forward representations
based on second-order centered differences. However,
the second term on the right of (3.1) is specially for-
mulated by BB so that it conserves potential vorticity
and potential enstrophy. The exact differential form of
this term conserves these properties, but it-is only as
the grid point spacing tends to zero that a straight for-
ward conversion to finite differences is conservative.
As a result of the BB model’s special conservative char-
acteristics, when a finite difference vorticity equation
is first developed from the equation of motion, as (3.2)
is obtained from (3.1), the terms corresponding to 2,
3 and 4 include horizontal gradients of layer thickness
and do not directly represent the traditional concepts
of relative and planetary vorticity advection and
stretching. The dependency on layer thickness variation
may be split away, however, leaving terms which are
easily related to 2, 3 and 4 and three additional terms,
each of which vanishes in the one-layer, rigid-lid case.
The model vorticity balance for the multilayer case
contains, therefore, a three-part term which has no an-
alog in (3.2) and which is directly related to the model’s
conservative properties. The relative importance of this
term should decrease as grid point spacing is decreased,
since those terms corresponding to relative and plan-
etary vorticity advection and stretching will better ap-
proximate 2, 3 and 4 of the exact differential equation
(3.2). All other finite difference terms constituting the
model vorticity balance have direct analogs in (3.2)
and will be related back to them. .

In developing the finite difference form of the vor-
ticity balance we first consider that of (3.1), as incor-
porated in the BB model, split here into the u- and v-
components.

s

o + Fy)] + V80 [5_/] — (8,0 )"\ ($00) b — &0, 7" — 0.8°
+ g(8,p) 855 + AGD) [0x(p 0xtt) + 8,00 S0)] (3.3)

[ — — —x s+ § —Y e~ - —s —s
("_") = 5|1+ vzy)] — ubp [L/] — 3.0 (G8.p) b0 — &8,5° — by

+ g(3sp) 057, + AGDY T 160 8,0) + 8,5 )] (3.4)

The 8, ( ) operator is the difference between ( ) at neighboring grid points divided by the A-direction gr@d

distance. In the case of §,, the grid distance is unity. Similarly, (") is an average of ( ) over consecutive grid

points. Here, {; is defined as 8,0 — 6, along a surface of constant s. From here on, we denote it merely as {.
To obtain the finite difference vorticity equation, we subtract 6/6y of (3.3) from 6/6x of (3.4):

x ¥y
X. —_—Xy

(),

0D 0sp
(A)

Xy

CHf . —x —
2 o, (udyp ) + 8,(v8,p)

05D

©

—  xy _—y —_xy
—usp” a(_—S}) B a(_,L) — i 5(:f—) g a{ S )

x y
X

05D 0sp

(B)

s P

— 0,[(3,0 )"\ (58,0) 850] + 8,[(8,p )" (5051) 051d)

(D)
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- axays;;sx + 5y51x'§;7:y + g(éx{(ﬁﬂs;y)_'(ss’fy} - 6}){(55;")-[5{&})

(E)

+ AP T {6x(,p 6x0) + 8,30 8,0)}] —

where the signs are included in the lettered terms.

In the one-layer rigid lid case, terms (A), (B) and
(C) of (3.5) reduce to simple finite difference analogs
of relative vorticity advection, planetary vorticity ad-
vection and stretching, since the layer thickness o,
has no gradient and the references to layer pressure
thickness, therefore, cancel. However, in the multilayer
case, layer thickness is allowed to vary, and because
the references to 6 in the numerator and denominator
of those terms are averaged differently, they do not
cancel. As mentioned above, this complication is in-
troduced by the requirement that these nonlinear terms
conserve potential vorticity and potential enstrophy.
It is, therefore, desirable to break up these terms further
into ones similar to the advection and stretching terms
and others associated with the model’s conservation
properties. When we do so, term (A) becomes

Xy 1 X x Xy 1 y y
—dp x5 &8 — 06 —x O
0sp 0sp
RVA
xy * xy Y
—_X =X 1 St R 4 1
—udp ~§ 5x(_—_x—y) —vép ¢ 5y(:Ty) ,
osp osp
EX1

where the first two components (RVA) are those which
approximate the relative vorticity advection. Similarly
(B) becomes

x y
X Xy y

—x 1 —y 1
—udp —x O&f — VP — Of
531) 6sp

BETA

X
Xy Y

~ 1
S y5y(:/_Ty) ,
dsp

where the first two components (BETA) again approx-
imate the planetary vorticity advection. In our case,
the first half of BETA is zero, since there is no x-di-
rection variation of the Coriolis parameter, /. Finally,
term (C) becomes

xy

— x 1 P

_uéspx f 61‘(___xy) —v8,p
0sp

EX2

(F)
8,[0p) " (6:(3p 0x) + 0,000 S,u}]) (3.5)
)
IS ——
——=y (0;p0xu + 6sp6yvxy)
05D
STRCH
i — 7 '
— (uéxsp + vﬁysp)
osp
EX3

where the term STRCH approximates the traditional
stretching term.

RVA, BETA, and STRCH may now be easily related .
to terms 2, 3 and 4 of (3.2). In them remain references
to layer thickness which do not cancel, but in com-
paring calculations with and without those references
while examining the vorticity balances in several of
our multi-layer experiments, we have found very minor
differences. All horizontal gradients of layer thickness
have been moved to EX1, EX2 and EX3. Our calcu-
lations have also shown that (D) and (E) of (3.5), rep-
resenting the tilting/twisting term 5 and the solenoidal
term 6 of (3.2), are zero or negligible for the experi-
ments discussed here, apparently because there is very
little if any exchange of fluid among the layers and,
thus §, Va ~ 0. Terms (F) and (G), representing the
wind stress curl term 7 and viscous stress curl term 8
of (3.2), are subsequently referred to as WIND and
VISC. The sum of EX1, EX2 and EX3 is referred to
as CNSRV. As pointed out earlier, this term has no
analog in the differential vorticity equation (3.2) and
its value should tend to zero as grid spacing becomes
finer. It is associated with the conservative properties
of the numerical model, and we will show that it plays
an important role in maintaining the model retroflec-
tion in multilayer experiments with 40 km resolution,
but that its importance does indeed diminish when
grid spacing is decreased to 20 km.

Assuming now that the terms of the vorticity equa-
tion are averaged over a long period during which sta-
tistical equilibrium exists, the local tendency is ap-
proximately zero, and the local vorticity balance may
be stated as

RVA + BETA + STRCH + CNSRV
+ WIND + VISC =0,

where, once again, RVA represents relative vorticity
advection, BETA, planetary vorticity advection;
STRCH, the vertical stretching; CNSRV, conservation
of potential vorticity and potential enstrophy; WIND,
wind stress curl; and VISC, the viscous stress curl.
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4, The vorticity balance in a one-layer model

It is instructive to begin our discussion of the model
vorticity balance with a very simple experiment to
which linear theory can be directly compared. Such is
LIN1, a linear, weakly viscous, one-layer experiment.
Since the one-layer, rigid lid model has no divergent
flow and no layer thickness variation, STRCH and
CNSRY are equal to zero. And removing the advective
terms from the model equation of motion eliminates
RVA, so that the vorticity balance is among BETA,
WIND and VISC. Spun up from rest, the circulation
becomes steady after a few hundred days. The steady
solution (LIN1) (Fig. 2a) has essentially the same char-
acteristics as the linear analytical solution of de Ruijter
(1982). Here the maximum wind curl is slightly north
of the tip of Africa, so that a small portion of the sub-
tropical gyre closes near the tip. Along the no-slip coast
of Africa in the Munk layer, lateral friction (Fig. 2c)
balances the S-induced input of relative vorticity (Fig.
2b). The magnitude of the latter is determined by the
southward velocity, which is governed by the combi-
nation of integrated wind curl and layer depth, as well
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as friction. WIND is very small relative to BETA and
VISC in the western boundary current, but the latter
two are much smaller east of the boundary current,
explaining the lack of exact balance between them there
(Fig. 2b, ¢ and Fig. 3b, c). In the low viscosity case
(LIN1), the boundary layer is relatively thin and friction
becomes very small after separation, and therefore, so
does the planetary vorticity advection. In this linear
solution, which possesses very little eastward Sverdrup
flow north of Africa’s tip, almost all the flow responds
to this condition by turning westward into the Atlantic.

If we increase viscosity by an order of magnitude to
3300 m?s~! (LIN2) (Fig. 3), friction becomes important
in the area south of Africa. Some fluid can continue
southward a distance since BETA (Fig. 3b) can be bal-
anced by VISC (Fig. 3c). In other terms, the frictional
boundary layer is broadened enough so that more
streamlines of the current reaching Africa’s tip are able
to connect with returning Sverdrup lines to the south
and, thus, establish a partial retroflection. Therefore,
nonlinear effects are not required in order to obtain
retroflection,
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FIG. 2. Experiment LIN1. (a) The mean mass transport streamfunction. The contour interval is 10 Sv,
(b) The distribution of planetary vorticity advection BETA around the southern tip of Africa for the steady
solution. The contour interval is 2 X 107'2 572, (c) As in (b), except viscous stress curl VISC.
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FIG. 3. Experiment LIN2. As in Fig.2, except the contour interval is 5 Sv in (a).

Important to note, this value of eddy viscosity (3300
m? s7!) is an order of magnitude larger than that nor-
mally used in eddy-resolving models to parameterize
subgrid-scale turbulence, but it is several times smaller
than that required in coarse-resolution models. Thus,
if Agulhas retroflection is obtained in coarse-resolution
calculations (Ax > 100 km), it may be dominated by
the balancing of planetary vorticity advection with vis-
cous stress curl.

Introducing the inertial terms adds relative vorticity
advection [(RVA) in (3.3)] to the balance. Experiments
NLIN2 (Fig. 4) and NLIN1 (Fig. 5) correspond re-
spectively to the nonlinear runs of LIN2 and LIN1.
First, considering the high viscosity case (NLIN2), most
of the retroflection is moved south and west of the tip
of Africa, but the general characteristics of the flow
pattern are unchanged (Fig. 4a). Inclusion of the inertial
terms results in an increase in the seaward diffusion of
the negative relative vorticity generated at the coast.
This is because the total velocity is a bit stronger and
the boundary layer, now inertial-frictional, is thinner.
The planetary vorticity advection (Fig. 4b) does not
increase, however, since the orientation of the retro-
flection gains a SW-NE tilt. The increase in VISC (Fig.
4d) is balanced by the new term RVA (Fig. 4¢). In
contrast to the more weakly viscous experiments to

follow, RVA is in the mean flow only, since the flow
pattern becomes steady after a year. The marked
change in VISC after separation is also balanced by
RVA and derives from the fact that the Agulhas now
separates from Africa at the southeast tip of the rect-
angle. The decrease in velocity from the current core
to the coast is now resolved by the grid. This feature
complements the B-effect by adding positive vorticity
and encouraging retroflection just south of the tip. The
major conceptual difference from LIN2 is that the fluid
may now flow southward from the tip of Africa due to
its own inertia. Friction, however, is still dominant.
In the corresponding low viscosity case (NLIN1) the
boundary layer is relatively thin and friction is much
less important than inertia after separation. This leads
to substantial modification of the flow pattern and the
distribution of terms in the model Agulhas’ vorticity
balance (Fig. 5). The recirculation gyre immediately
east of Africa is shifted southward due to inertia, and
the coastal Agulhas is narrower, having slightly greater
maximum velocity. A primary change in VISC (Fig.
5d) along the coast is that it is important only within
the current core and westward to the coast. The region
where BETA (Fig. 5b) is relatively large also has less
east-west extent, but more than VISC, so that now
RVA (Fig. 5c) balances BETA on the offshore side of
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FIG. 4. Experiment NLIN2, As in Fig. 3 for (a) and (b). (c) Distribution of
relative vorticity advection. (d) As in Fig. 3c.

the current core. This is in contrast to the highly fric-
tional case (NLIN2) in which VISC is so large through-
out the coastal Agulhas that BETA and RVA comple-
ment each other there to maintain a balance (Fig. 4b,
¢, d). Here in NLIN1, VISC is large only next to the
- coast and shares the role of balancing BETA with RVA.
In this model, then, viscous effects can determine the
magnitude and sign of the mean value of relative vor-
ticity advection. The magnitude of VISC is strongest
in NLIN1 just beyond Africa’s tip where the horizontal

shear is still very great. Only here is a positive maxi-
mum in RVA required to compiement BETA in bal-
ancing VISC.

In each of LIN2, NLIN1 and NLIN2, there is a sub-
stantial retroflection. The similarity among all three is
the establishment of a boundary layer south of Africa
in which the g-effect is balanced by the turning eastward
of a major portion of the current. In LIN2 the boundary
layer is purely frictional, in NLIN?2 it is frictional-in-
ertial, dominated by friction, and in NLIN1 it is pri-
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FIG. 5. Experiment NLINI. (a) The upper layer mean mass transport streamfunction around the tip of
Africa for the final 1825 days of the 3650 day experiment. The contour interval is 10 Sv. As in Fig. 4 for
(b), (c) and (d), averaged for the same period as in (a).

marily inertial. While the physical mechanism of re-
troflection is not the one proposed by de Ruijter
(1982)—the inertial overshooting distance—his con-
cept of the retroflection being accomplished within a
free inertial boundary layer is apparently applicable.
In the experiments remaining to be discussed, the re-
troflection is accomplished in this type of boundary
layer. The vorticity balance of NLIN! has a character
similar to that of the least nonlinear of the multilayer
cases and will be discussed further along with them.

5. The vorticity balance in the multilayer model
a. Variation of inertia and baroclinicity

As described in BD, the strength of the retroflection
in the multilayer model depends on the nonlinearity/
baroclinicity of the flow. For these experiments, only
the vorticity balance of the top layer, the one in which
most of the wind-driven circulation resides, is exam-
ined. The similarity in retroflection regimes between
NLINI1 and that in the top layer of the least nonlinear/

baroclinic multilayer experiment (E1) is suggested by
the similarity in the vorticity balances, to be demon-
strated shortly. STRCH and CNSRY begin to play im-
portant roles, however, as the upper ocean Rossby
number increases, and, proceeding to E2 and E3, where
the mean top layer thickness decreases from 1000 db
first to 600 db and then to 300 db, the flow patterns
and retroflection vorticity balance are greatly trans-
formed.

These four experiments have high temporal vari-
ability, as opposed to LIN1, LIN2 and NLIN2, which
reach steady states after relatively short spinup times.
To identify the contribution from the transients, RVA
and STRCH have been separated into components as-
sociated with the mean and transient eddy flow fields.
The two components of RVA have comparable mag-
nitudes but generally opposite sign in the experiments
with highly transient retroflection flow patterns, i.e.,
ones in which rings are continually being formed. In
those experiments, the total RVA fields have much
smaller maxima and minima and quite different struc-
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tures than either of their components. This is especially
the case in NLIN1, El and the final experiment E11.
In the remaining experiments, which have strong, rel-
atively steady retroflections, the contribution from the
mean flow is the dominant one, and that from the ed-
dies partially cancels it. In all experiments, the domi-
nant contribution to STRCH is from the mean flow
component. Other than through this general charac-
terization, the individual mean and transient compo-
nents of RVA and STRCH do not possess information
helpful in understanding the model vorticity balance
and are, therefore, not addressed further here.

1) VORTICITY BALANCE ALONG THE COAST

The model Agulhas’ vorticity balance along the coast
is illustrated in Fig. 6 for NLIN1, El1, E2 and E3, in
the same fashion as done by Bryan (1963) and Holland
and Lin (1975). CNSRYV is not displayed because of
its very small values north of Africa’s tip in all exper-
iments. It is seen that close to the coast (at grid point
1, 40 km offshore), viscous effects are important in
each case. As noted by DB, negative relative vorticity
is generated by the no-slip boundary condition and
then transported eastward by diffusion. The value of
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1 BETA ~—-——-
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FiG. 6. Values of BETA, RVA, VISC and STRCH averaged along
the coast of Africa for NLINI, E1, E2 and E3 at the first three grid
points from the boundary.
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STRCH in El is negligible north of Africa’s tip, and
the NLIN1 and E1 balances along the coast are almost
identical, so separate curves for the two experiments
are not plotted. In both, VISC and BETA approxi-
mately balance next to the coast, giving way to a bal-
ance between BETA, RVA, and a much smaller VISC
away from the coast.

BETA, VISC and STRCH increase from E1 to E3.
In E2 the principal balance is between BETA and VISC
next to the coast. In E3, BETA and VISC are primary
terms in the balance, but the secondary terrhs RVA
and STRCH have equal and opposite magnitude, about
half that of the primary ones. Moving further away
from the no-slip boundary VISC rapidly decreases in
magnitude, as in E1 and NLIN1, and RVA increases.
STRCH slightly increases in E2 and decreases in E3.
In both cases BETA decreases. STRCH and BETA are
still generating positive relative vorticity, however, as
they are next to the boundary, and are now balanced
by RVA. At 120 km from the coast, which is at the
outer edge of the boundary current, BETA, RVA,
STRCH and VISC have become small, and are of the
same order of importance as WIND (not pictured).

It may be stated, then, that in each of these experi-
ments, the principal vorticity balance in the current
core, the part closest to the coast, is between planetary
vorticity advection and viscous stress curl, such .that
the positive relative vorticity generated by the former
mixes with the negative vorticity generated at the
boundary, rather than appearing as increased anticy-
clonic shear or curvature, or by thickening of the layer.
Just east of the core, viscous effects are much less im-
portant and positive generation by planetary vorticity
advection and stretching is balanced by negative rela-
tive vorticity advection. At the outer edge of the coastal
Agulhas, these terms are quite small and of the same
order of importance as the wind stress curl.

2) RETROFLECTION VORTICITY BALANCE

As in NLIN1 (Fig. 5a), the Agulhas in E1 separates
at the sharp change in coastal orientation, the southeast
tip of Africa (Fig. 7a). The mean flow patterns and the
distribution of BETA, RVA and VISC in the retro-
flection region are rather similar between the two ex-
periments (compare Fig. 5 with Fig. 7a, b, c, d). It is’
noted also, however, that the stretching term (Fig. 7e),
unimportant before separation, is the same order of
magnitude as BETA in the retroflection south of Africa.
On examining the linear (—fV-V) and nonlinear
(—¢V - V) components of STRCH, we have found the
nonlinear to be much smaller in magnitude than the
linear. The STRCH term, therefore, can be assumed
to be proportional to the divergence of the mean flow.
This is in agreement with our finding that the mean
flow component of STRCH dominates that from the
transient eddies. There is, thus, mean divergence as-
sociated with the west side of the separated current,



FEBRUARY 1988

a)

DOUGLAS B. BOUDRA AND ERIC P. CHASSIGNET 291

L NN

],oo . .

......

.
.
.
-

b,
.

- .

- .

- \ o+ »

B L

. -
.
3

"ar....-

//‘/ ‘\\-\Q1 N
-— LA T
«:{//?{1 }5} NN
LIIISISEELIT I
A e -‘:/‘:/'//'//-.‘N\k \\*'/f':
S—— SN N

/——‘\4..~_—' -,
A TS e o e SNy Y e
— 3

- ——
A—.\.\,\l"‘\""g*o“-‘\\‘\\.—.._‘.ﬂ
e e s 90T L s a e

I T T T S R T )

N v o - e

TR o

" RVA |

N

" i

/A S S Ty S T S S S D S Sy

FIG. 7. Experiment El. (a) Mean flow pattern and thickness for Layer 1 for the last half of the 3650 day
experiment. A full length arrow and each additional barb represent a velocity of 0.25 m s™'. Arrows are
plotted for each grid box. The contour interval for layer thickness is 50 db. As in Fig.5 for (b), (¢) and (d).
(e) The time mean distribution of the stretching term STRCH. (f) The time mean distribution of the sum
of the terms resulting from conservation of potential vorticity and potential enstrophy CNSRYV.

including the area where the leakage is fanning out as
it branches away from the retroflection toward the At-

lantic, and on

the northeast side of the retroflection

eddy. The tendency is to add positive relative vorticity
and keep the fluid circulating anticyclonically. Con-
versely, on the south and southeast side of the retro-
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flection, mean convergence generates negative relative
vorticity, allowing some fluid to escape the retroflection
eddy into the Agulhas Return Current. Comparing
Figs. 7b and 7e, we note that STRCH mostly comple-
ments BETA, and one result is that the latitudinal scale
of the retroflection is smaller than in the one layer
model (e.g., compare Figs. 5a, b, ¢ and 7a, b, ¢, which
display the same portion of the basin). .

This important difference between the one layer
model, as well as quasi-geostrophic (QG) models, and
multilayer primitive equation (PE) models is a con-
sequence of the nonlinearity of the mass continuity
equation (the thermodynamic equation in depth co-
ordinate models) in the presence of stratification. Layer
thickness perturbations in barotropic and QG models
are assumed to be zero or very small with respect to
the mean thickness of the layer. In those models, it is
appropriate, therefore, to view the continuity equation
as linear and the contribution from the stretching term
as relatively unimportant or zero. In stratified PE
models, excursions of isopycnals from their mean depth
may be as large, or larger than, their mean depth. With
the allowance of these displacements, an important new
consideration enters the vorticity balance. This non-
linearity is most easily understood in the BB model by
breaking up the right side of the continuity equation
as follows (assuming § = 0):

d(p\__dp _ )4
6t(8s) asVV VV(-)S'

If the system is in statistical equilibrium,

d (dp
at (as) 9,

and the temporal mean value of

ap\~! op
=] v.v£
(as) os

may be substituted for that of V - V into the stretching
term 4 of (3.2). This nonlinear term is thus proportional
to the ratio of layer thickness gradients to total layer
thickness. .

In the E1 retroflection vorticity balance, the impor-
tance of STRCH results from the fact that relatively
large gradients in layer thickness are generated, so that
the mean contribution from the above thickness ad-
vection term cannot be ignored. In the retroflection
region, instantaneous deviations of layer-1 thickness
from its horizontal mean, which are somewhat larger
than those shown here for the temporal mean mass—
flow field (Fig. 7a), are fairly small with respect to the
total (about 10%). However, comparison of Figs. 5 and
7 suggests that they are not negligible.

The contribution from the special terms required
for potential vorticity and potential enstrophy conser-
vation, CNSRYV (Fig. 7f), whose importance is also re-
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lated to the existence of layer thickness gradients, is a
relatively small part of the vorticity balance and is only
significant very close to separation. Just east of the cur-
rent core, it generates positive vorticity and on the west
side negative. Since the significant values occupy such
a small region, however, we conclude that CNSRYV is
relatively unimportant to retroflection strength in El.

With the exception of the STRCH term, the retro-
flection vorticity balance for E2 (not illustrated) is much
the same as in E1. The mean top layer thickness is 40%
less, so that the layer-1 velocities are ~40% greater,
and all terms have maximum values at least 30%-40%
larger than in E1. But STRCH becomes even more
aligned with BETA and its maximum values are greater
than those in BETA. Each component of the above
substitution from the continuity equation favors larger
values of STRCH: the inverse of layer thickness, thick-
ness gradients and velocity. The fluid in the separating
current, whose linear tendency is to turn westward into
the Atlantic (Fig. 2) is encouraged by both STRCH
and BETA to remain within the retroflection, and,
when it reaches the east side of the retroflection eddy,
headed north, both effects support leaving the retro-
flection in an eastward direction. The net effect is to
strengthen the retroflection.

Exchange of fluid between the-model Indian and
Atlantic oceans is all but shut off in E3, (Fig. 8a), which
has horizontal mean top layer thickness half that of
E2, 300 db. This dramatic difference from the previous
experiments is accompanied by equally large changes
in the retroflection vorticity balance. The great strength
of the retroflection is easily understood in that not only
is the southward velocity at separation almost double
that in E2, yielding a doubling of BETA, but each
component of STRCH (Fig. 8¢) (as redefined above
through substitution from the continuity equation) is
substantially larger. Only a very small part of the cur-
rent turns westward into the Atlantic. While the pri-
mary balance is between BETA and VISC before sep-
aration, as shown in Fig. 6, the major components of
the balance in the retroflection region are STRCH and
RVA, the maximum values of which are as much as
three times that of BETA (Fig. 8b). The larger values
of STRCH extend along the current southward from
separation, adding positive relative vorticity, to the
point where the current has turned back toward the
Indian Ocean.

In areas where motion is toward smaller values of
layer thickness, STRCH contibutes positive vorticity,
strengthening the retroflection, and the magnitude of
the contribution increases as layer thickness decreases.
In the overshooting current, therefore, motion out of
the retroflection toward the west or south is, in the
mean, accompanied by a gain in positive vorticity,
turning the fluid back toward a retroflecting pattern.

The particularly large values of STRCH near the
separation can be understood, more so than in E1 and
E2, from the standpoint of the changing environment
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FIG. 8. As in Fig. 7, for Experiment E3, except the contour interval in
(1), (©), (d), () and (f) is 8 X 1072 57",

which the fluid experiences there. First of all, it leaves
the no-slip boundary, a large sink of momentum, for
the open ocean. This leads to some immediate accel-
eration and thus divergence (positive STRCH). Sec-

ondly, the juxtaposition of a layer thickness of ~360
db on the western edge of the coastal Agulhas and
~275 db at the eastern edge of the subtropical South
Atlantic leads to an increased isopycnal tilt at the west-
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ern edge of the separated current. Through the thermal
wind relation, this also leads to acceleration of the
southward motion and layer-1 divergence. Because of
the smaller contrast in juxtaposed layer thicknesses
(and, thus, potential vorticities) this effect plays a much
smaller role in E1 and E2.

In addition to the increased importance of the
stretching term in E3, it is evident from Fig. 8f that
the sum of terms resulting from conservation of po-
tential vorticity and potential enstrophy plays an im-
portant role. The change from E1 is undoubtedly due
to the much stronger gradients of layer one thickness
in E3. Because of the alternating positive and negative
values in CNSRY, proceeding around the retroflection,
it is not as easy as with STRCH to conclude its overall
effect on retroflection strength. However, an experi-
ment otherwise similar to E3 has been run without
reference to layer thickness in the finite difference form
of the 2nd term on the right of (3.1)—that is, without
the aforementioned conservative qualities. In this
nonconservative experiment (not illustrated here), there
is relatively steady leakage and regular formation of
Agulhas rings which drift westward into the Atlantic,
much as in E1 and E2. On the basis of this simple
intercomparison, we conclude that conservation of po-
tential vorticity in the separating current is essential to
the strong retroflection generated in E3.

Boudra and de Ruijter show that E8, of which the
only parametric difference from E3 is the addition of
linear bottom drag, is marked by an even more intense
retroflection. The retardation of bottom layer flow ap-
parently enhances the vertical shear associated with
the retroflection, so that mean top layer velocities in
the eddy are stronger and the layer thickness gradient
greater than in E3. The mean layer thickness now
changes by 400 db from the center to the outer edge
of the retroflection eddy. This results in approximately
10% increases in the maximum values of BETA,
STRCH and RVA, but the horizontal structure of the
retroflection vorticity balance is as in E3.

b. Horizontal resolution

As pointed out by BD, 40 km horizontal resolution
cannot adequately describe the details of boundary
layer flows. While an order of magnitude decrease in
grid spacing would be necessary to do this, such is
computationally prohibitive. They performed an ex-
periment with grid spacing halved (E10), however, in
order to test the sensitivity of the model retroflection
to improved resolution of the boundary layer and re-
lease of baroclinic instability. This produced a number
of minor changes in the retroflection mean flow pattern,
which may be noted comparing Figs. 8a and 9a. There
is even less leakage into the Atlantic in E10 and the
retroflection eddy is not as closed on the north side. In
turn, the cyclonic meander east of the eddy is higher
in amplitude. Also, the eastward drift representing the
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northern edge of the ACC remains farther south than
in E3 and E8. This characteristic is important in al-
lowing four rings which form in E10 to drift westward
into the Atlantic before being recaptured by the retro-
flecting current (see Chassignet and Boudra, 1988).
Ring formation and drift into the Atlantic does not
occur in E3 or E8. These refinements likely result from
the increased eddy activity in E10, which is a conse-
quence of enhanced release of instabilities.

An increased maximum velocity in the coastal
Agulhas is indicated by the greater value of BETA
(compare Figs. 8b and 9b), which is directly propor-
tional to the mean southward velocity. The boundary
current is better resolved, and as anticipated, its cross
stream profile has changed. This results in a much
greater increase in VISC (compare Figs. 8d and 9d)
than in BETA, however, and the higher value of VISC
along the coast is now balanced by both RVA (Fig. 9¢)
and STRCH (Fig. 9¢). A fundamental change, then,
from NLIN1 and the 40 km resolution multilayer ex-
periments is the change in the vorticity balance in the
core of the coastal Agulhas. In those experiments the
balance is chiefly between planetary vorticity advection
and viscous stress curl. As the coastal current structure
changes with better resolution, the eastward diffusion
of negative vorticity is balanced by positive generation
due to approximately equal components of planetary
and relative vorticity advection and stretching. If res-
olution were further improved, some additional evo-
lution of the balance might be expected, but because
of the computational expense, this must be left for fu-
ture work.

As in previous experiments, the value of VISC de-
creases rapidly east of the current core, and positive
generation by STRCH and BETA balance RVA. About
60 km north of Africa’s tip, STRCH begins to increase
rapidly, as in E3 (Fig. 8e), toward its maximum value
in the current core just beyond separation at the tip.
Again, this is most likely due to the changing physical
environment as the fluid leaves behind the no-slip
boundary, and in its place is the eastern subtropical
South Atlantic water mass with smaller layer-1 thick-
ness (larger negative potential vorticity) than that of
the western edge of the Agulhas along the coast. Beyond
the immediate separation region, BETA and STRCH
complement each other with STRCH approximately
twice the size of BETA. As in the previous cases, this
discourages the fluid from leaving the retroflection in
the westward direction associated with the linear so-
lution (Fig. 2) and, after turning eastward and then
northward, STRCH favors continued eastward motion.

An additional refinement brought about by im-
proved horizontal resolution is a reduction in the role
of the terms included to ensure potential vorticity and
potential enstrophy conservation, CNSRV (Fig. 9f).
Comparing with CNSRYV in E3 (Fig. 8f), we see that
while the maximum values just at separation are larger
in E10 than E3, the horizontal scale over which
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FIG. 9. As in Fig. 8, for Experiment E10, except that in (a) arrows are plotted only for every other grid box.

CNSRY is the same order of magnitude as the other
terms is much smaller. A 20 km resolution experiment
without the conservative characteristics has not been
run, but given the reduced importance of CNSRYV in
the retroflection vorticity balance, it is expected that

this would not greatly weaken the retroflection as it
does with 40 km resolution. Comparison of E10 with
E3 and E8 suggests that, as the numerical model res-
olution is improved, so that the model becomes more
conservative without inclusion of special terms, the
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Agulhas retroflection remains a prominent feature of
the solution. With further reduction of the grid spacing,
the importance of CNSRYV would continue to decrease.
At the same time, it is suggested that the strength of
the retroflection, shown in the previous section to de-
pend on conservation of potential enstrophy, would
not diminish.

¢. Boundary condition along the African coast

In the above discussion, the importance of the vis-
cous stress curl VISC in the coastal current vorticity
balance has been pointed out. Especially in the 40 km
resolution experiments, the primary balance next to
the coast is between BETA and VISC. With 20 km
resolution VISC becomes much greater and positive
_ generation by both RVA and STRCH add to that due
to BETA in order to balance the loss through VISC.
Boudra and de Ruijter conducted a 40 km resolution
_ experiment (E9) with a free-slip boundary condition
on Africa in order to gain more insight into the role
of boundary layer friction in the retroflection strength.
The boundary layer must still be considered more
‘highly frictional than the interior since velocity shears
are much greater, but the free-slip condition implies
no momentum exchange between the fluid and the
boundary. We thus characterize the free-slip and no-

slip boundary conditions as weakly and strongly fric-

tional, respectively.

A very different two-basin flow configuration was
obtained in E9. In the corresponding no-slip case (E8),
for which the retroflection mean flow pattern is quite
similar to that in Fig. 8a for E3, only a small amount
of fluid escapes into the Atlantic. In the free-slip ex-
periment, most of the fluid hugs the coast and makes
the turn into.the Atlantic (Fig. 10a).

In the top layer vorticity balance for E9 (Fig. 10b-
f), it is seen that VISC is negligible in comparison to
RVA, BETA and STRCH except in the immediate vi-
cinity of Africa’s southern tip. The principal balance
is among these three terms in the southward flowing
boundary current. Contrary to the no-slip case, there
is no cyclonic vorticity present along the coast.

In order to overshoot the tip (and afterward retro-
flect) the current must coexist with a region beyond its
western edge which is largely motionless (a good ex-
* ample is shown in Fig. 9a for E10). In the no-slip case,
the western boundary condition for the current along
the coast is already a motionless one. Thus, provided
inertia is strong enough to overcome the linear ten-
dency to make the sharp turn (Fig. 2), the current shoots
past the tip in a relatively natural fashion, as shown
here for E3 (Fig. 8a) and E10 (Fig. 9a). In contrast, the
condition at the western edge of the coastal current in
the free-slip case (E9) results in the current having its
maximum value there. In an overshooting configura-
tion, it would have to adjust to a strongly sheared con-
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dition. Instead, the E9 circulation pattern south of Af-
rica is a highly turbulent one in which rings form next
to the southern coast quite often and, occasionally, a
substantial portion of the current retroflects. But, in
the mean, the major portion of the current stays close
to the boundary along which the shape of its cross-
stream velocity profile can remain intact, first turning
westward and then northward around the southern tip
of Africa. That these abrupt turns involve vigorous and
highly variable flows is suggested by the relatively large
values of RVA, STRCH, VISC and CNSRY surround-
ing the tip, emphasizing the physical strain imposed
on the mass-flow structure and, thus, the strong con-
trolling influence of the boundary condition.

6. South African coastal geometry

At the end of their paper, BD recognize that the
shape and orientation of Africa in their experiments
is one which maximizes the importance of the S-effect
in the model retroflection. Here, we have determined
that the stretching term, through which the adjustment
of the separating Agulhas to its free ocean environment
is expressed, is at least as important in the retroflection
strength as the Bv term. Inasmuch as § plays one of
the important roles, however, configuring the coastal
geometry such that the relative importance of this term
is realistic seems warranted. After leaving the South
African coast, the real Agulhas flows along the Agulhas
Bank shelf break, which is oriented approximately from
northeast to southwest, thereafter continuing past the
tip of the Bank into the deep ocean (e.g., see Lutje-
harms, 1980). In this configuration, the component of
velocity advecting planetary vorticity is about 70% of
the total, rather than 100%, as with the meridionally
oriented coast of BD’s model. The basin geometry
shown in Fig. 11 has been chosen, therefore, as a next
step toward model realism.

In this section, we wish to desgribe a high resolution
experiment on this new geometry by discussing the 1)
mass transport streamfunctions for layers 1 and 3 av-
eraged over the last half of the 3650 day simulation
(Fig. 12) and 2) the retroflection vorticity balance. It
should be noted that approximately 10% of the sub-
tropical Indian Ocean is converted to land in this new
basin, so that the linear Sverdrup transport is smaller
along the boundary northeast of Africa’s tip. This in
itself will result in some difference from the previous
solutions even though the Sverdrup transport is the
same as before at the tip of Africa (about 45 Sv). With
this in mind, our comparison of E10 and E11 should
be viewed mainly qualitatively.

a. E11 mean flow pattern

The top and bottom layer flow patterns (Figs. 12
and 13a) for this new 20 km resolution experiment
(E11) bear many of the same characteristics as those
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FIG. 10. As in Fig. 8 for Experiment E9.

of E10 (for comparison, see Fig. 13 in BD). There are

some notable
Indian Ocean

differences, however, especially in the
sector. The retroflection is still strong,

but less intense. The mean Agulhas along the coast is
somewhat broader, and its maximum velocity is less
than in E10. With the tilted coast, fluid in the Agulhas

already has substantial westward momentum when it
reaches the tip, and the energy of the boundary region
leaks more easily into the Atlantic than in E10. The
great simplification of the bottom layer flow pattern
(Fig. 12b) is particularly suggestive of this tendency.
The only region with significant mean transport is un-
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FIG. 11. Geometry of the ocean basin used in E11.

derneath the retroflection, which has even more vari-
ability than in E10. However, even this bottom cir-
culation does not have the intensity it has in E10 (Fig.
13b in BD). The transport lines representing 15 and
20 Sv extend farther west but the 25 and 30 Sv lines
are absent, as well as all those associated with other
small circulations in the bottom layer of E10.

Another difference between E10 and El1 is the
character of the stationary Rossby wave pattern in the
Agulhas Return Current. Observations, described for
instance by Harris and Bang (1974), indicate such a
pattern in the Return Current. It is commonly attrib-
uted to conservation of potential vorticity as the current
passes over bottom topographic features such as the
Agulhas Plateau and the southern extensions of the
Mozambique and Madagascar ridges. But in our flat
bottom model, the existence of such waves must be
derived from the necessity to increase the flow path
through which the excess shear vorticity gained within
the inertial-frictional coastal boundary layer can be
diffused in order for the fluid to eventually rejoin a
Sverdrup interior (Moore, 1963). According to Lutje-
harms’ (1980) statistical compilation of the dimensions
of features in the retroflection region, the longer wave-
length in E11 (~450 km) is more realistic than that
in E10. The amplitude of the wave just east of the
retroflection is also smaller. Thus, the aforementioned
flow path is shorter, apparently because the boundary
current picks up less relative vorticity along the sloping
African coast.

That this latter assertion is true is supported by the
observation in Fig. 13a that the current core gradually
moves offshore as the tip of the Bank is approached,
resulting in weaker shear on the coastal side of the
current. A few hundred kilometers upstream from the
tip, the core is next to the coast. Near the tip, the core
is 90-100 km offshore. South of the tip, the mean
Agulhas then branches, with 5-10 Sv turning into the
Atlantic and about 20 Sv retroflecting into the Indian
Ocean. The horizontal shear in the retroflecting branch
is greatly reduced compared with E10, likely accounting
for the shorter path required downstream for the fluid
to return to an essentially Sverdrup interior, as sug-
gested in the layer-1 mean flow patterns (comparing
Figs. 13a of BD and 12a here).
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b. E11 retroflection vorticity balance

It was mentioned in section 5a that a similarity of
the E11 retroflection to that of NLIN1, El and E2 is
in the almost always evolving character of the flow pat-
tern, as rings form and drift toward the Atlantic (see
Chassignet and Boudra, 1988). Unlike that of E3, E8
and E10, then, the retroflection vorticity balance of
E11 must be viewed as that in which the major features
of the retroflection are continually changing shape
rather than as that associated with a quasi-steady con-
figuration, subject to energetic fluctuations but only
rare major disruptions. The signatures of ring forma-
tion in the mean mass and motion fields (Fig. 13a) are
the branching into the Atlantic of a portion of the mean
Agulhas and the relatively weak layer thickness gradient
directly west and then northwest from the western edge
of the retroflection.

The most interesting new aspect of the E11 retro-
flection is the aforementioned offshore displacement
of the current core as the tip of Africa is approached.
The terms of the mean vorticity balance have values
of the same order as the maxima in E3 and E10 only
in the coastal Agulhas, and especially where the core
is no longer attached to the coast. Since the return cur-
rent is more zonal and less nonlinear, BETA, STRCH
and RVA are all relatively small downstream of the
eastward turn. Even along the coast, BETA (Fig. 13b)
is smaller, since only 70% of the velocity magnitude is
in the southward component.

A major portion of the positive vorticity generation
along the coast is in STRCH. The coastal band of

FiG. 12. Experiment El1. (a) Upper layer mean mass transport
streamfunction for the last half of the 3650 day experiment. The
contour interval is 5 Sv. (b) As (a) for layer 3.
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STRCH, broadening toward the southwest, is under-
stood in terms of the mass/flow field geostrophic bal-
ance as the core moves away from the coast. The dis-
placement is associated, by the thermal wind relation,
with the lifting of the isopycnal layer interface between
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the current.core and the coast. This is evident in the
increasing distance of the 325 and 375 db thickness
contours from the coast as the tip of the Bank is ap-
proached (Fig. 13a). A similar but smaller displacement
of the same contours from the coast is seen in Fig. 9a
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for E10, although not associated with offshore motion
of the current core. We will return to this lifting of the
isopycnal interface and its role in the model retroflec-
tion in the concluding section of the paper. The positive
vorticity generation where the mean current is turning
back toward the Indian Ocean is contributed by ap-
proximately equal components of STRCH and BETA,
suggesting that both are important in the actual retro-
flection.

On the coastal side of the current core, a new struc-
ture appears in VISC (Fig. 13d), mainly where the core
has moved significantly offshore. The latter gives the
grid an opportunity to resolve the inshore side of the
current, and, as well as generation of negative vorticity
along the first row of grid  points from the no-slip
boundary, a band of positive generation is noted along
the second row. As VISC changes sign, RVA does so,
also, to balance it. In E10, the current is only so well-
resolved after separation, so that the positive features
appear only south of Africa’s tip. This brings attention
again to the fact that 20 km resolution inadequately
describes the details of boundary layer flows. Notably,
the positive feature just south of Africa’s tip, seen in
the vorticity balances of LIN2, NLIN1, El1, E3 and
E10 is absent. This is due to the fact that the mean
Agulhas does not separate from the coast in El1, as it
does in those experiments, but has a branch remaining
attached to the coast as it rounds the tip. Separation is
required for this positive feature to be resolved by the
grid.

CNSRYV (Fig. 13f) is even less important than in
E10, as only two grid points at Africa’s tip have values
on the same order as the other terms. In this high res-
olution experiment, therefore, the basic finite difference
expressions of BETA, RVA and STRCH have little
difficulty conserving potential vorticity and potential
enstrophy.

7. Summary

The vorticity balance has been used as a tool with
which to describe and understand the dynamics of
Agulhas Current retroflection in an idealized numerical
model of the South Atlantic-Indian Ocean. First, the
numerical model and experimental design were sum-
marized. The vorticity equation was then developed
from the model equations of motion, and the equilib-
rium vorticity balance was stated to be among wind
stress curl (WIND), viscous stress curl (VISC), planetary
(BETA) and relative (RVA) vorticity advection,
stretching (STRCH) and extra terms deriving from the
‘requirement that the nonlinear terms of the numerical
model, like those in the exact differential equations,
conserve potential vorticity and potential enstrophy
(CNSRYV). It was recognized that the contribution of
CNSRY to the balance should diminish as horizontal
resolution is improved. In experiments reaching a
steady state, the balance was computed for the steady
conditions. For experiments reaching only statistical
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equilibrium, the balance was computed for the last half
of a 3650 day integration.

A demonstration with a 1000 m thick one-layer
simplification of the Bleck and Boudra (1981) model,
on a basin in which Affrica is represented as a rectangle
extending from the northern boundary, showed that
either strong internal friction or inertia can bring about
a partial retroflection where a linear model with weak
friction has none. In the first case, BETA is balanced
by VISC for some distance south of Africa, allowing
Agulhas streamlines to reach eastward directed Sver-
drup lines to the south—in essence, retroflection
through a broadening of the frictional boundary layer.
In the case with inertia and strong friction, only the
orientation of retroflection changes, and BETA is still
balanced primarily by VISC. It was pointed out that
Agulhas retroflection in coarse resolution ocean general
circulation models is likely of this frictionally domi-
nated type. With weak friction much of the current
actually turns eastward in response to BETA, balanced
now by RVA. After making this turn, the fluid drifts
eastward or southeastward through a stationary Rossby
wave pattern, finally attaching to the streamlines of the
linear solution. In this case, the retroflection is accom-
plished within a free boundary layer as suggested by
de Ruijter (1982). But the mechanism dlﬂ‘ers from his

“inertial overshooting distance.”

Stratification was introduced, using now the Bleck
and Boudra (1981) quasi-isopycnic coordinate model
with weak friction, first in a relatively low Rossby
number, 2-layer experiment with 1000 m mean upper
layer thickness. In the multilayer experiments, only
the vorticity balance in the top layer, the one containing
virtually all of the linear wind-driven transport, is

_computed. Along the rectangular Africa’s east coast,

the vorticity balance was shown to be almost identical
to that in the weakly frictional one-layer model: be-
tween BETA and VISC next to the coast and between
BETA and RVA on the seaward side of the current
core. The stretching term, identically zero in the one-
layer rigid lid model, however, was found to comple-
ment BETA in the region south of Africa, resulting in
a reduction in the latitudinal scale of the retroflection
with respect to the one-layer case. By making a sub-
stitution from the model mass continuity equation, it
was shown that, for equilibrium conditions, the
stretching term is proportional to the mean value of
the product of layer thickness advection and the inverse
of layer thickness. In contrast to one layer and quasi-
geostrophic models, this highly nonlinear term becomes -
important in the vorticity balance of stratified primitive
equation models when isopycnals vary substantially
from the horizontal.

It was shown that when the Rossby number/baro-
clinicity is increased by adding more stratification and
reducing mean top layer thickness, the importance of
the stretching term correspondingly increases, con-
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tinuing to complement BETA, but with double or triple
its magnitude. The retroflection is thus strengthened,
and, with 300 m top layer thickness, almost 100% of
the Agulhas reaching Africa’s tip retroflects. In this case,
the isopycnal layer thickness variation is the same order
as the total layer-1 thickness.

When grid-point spacing is reduced from 40 to 20
km, the western boundary layers and baroclinic insta-
bility are better resolved. This results in further
strengthening of the mean retroflection, accompanied
by a slight weakening of the retroflection eddy intensity.
Mostly minor changes in the retroflection vorticity
balance are noted, but an important reduction in the
role of CNSRYV, the sum of extra terms resulting from
the model’s built-in conservative properties, is ob-
tained. With 40 km resolution and 300 m top layer
thickness, CNSRV was shown to be essential in the
retroflection strength. With resolution of 20 km,
CNSRY has values on the same order as BETA, RVA,
VISC and STRCH only very close to separation, sug-
gesting that it no longer plays such an important role
in the retroflection. That its importance diminishes
suggests that BETA, RVA and STRCH are more po-
tential enstrophy conserving in their own right. This
trend is consistent with the notion that, as grid point
spacing is decreased, basic finite difference expressions
of the partial derivatives more accurately represent
those derivatives, and the characteristics of the nu-
merical model solution more closely approxirmate those
of the exact solution.

The importance of the frictional boundary condition
on Africa was brought out through a no-slip/free-slip
comparison. It was shown that a large negative value
of VISC on the coastal side of the boundary current is
needed in order for it to separate easily at the tip. Such
a current is one which is already substantially sheared
on its coastal side before separation, which the no-slip
condition implies, so that it flows easily into an open
ocean. '

Finally, the f-effect in the separating Agulhas was
put in a more realistic perspective by introducing a
new South African Geometry actually approximating
the shape of the Agulhas Bank shelf break, along which
the real Agulhas flows after leaving the coast of South
Africa. In this geometry, approximately 70% of the
Agulhas velocity magnitude is advecting planetary
vorticity, as opposed to 100% with the meridionally
oriented coast. In an experiment otherwise similar to
the previous high resolution case with rectangular ge-
ometry, it was found that the retroflection is still rel-
atively strong though the mean circulation near Africa’s
tip is considerably weaker. In the upper layer, now 35
to 10 Sv of Southwest Indian Ocean water flows into
the South Atlantic in the mean, principally within
Agulhas rings, which form along the sloping coast near
Africa’s tip and drift into the Atlantic at the rate of 2
to 3 per 365-day period (see Chassignet and Boudra,
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1988). The change in coastal orientation at Africa’s tip
is not as abrupt as in the previous configuration, and
the mean current does not separate from the coast
there. Instead, a branch on the coastal side of the core
remains attached to the coast as it turns into the At-
lantic and the other branch, representing the major
portion of the Aguthas, turns back into the Indian
Ocean over a broad region south and southeast of
the tip.

An interesting new aspect of the retroflection using
more realistic geometry is the separation of the mean
current core from the coast several hundred kilometers
upstream from the tip. As it begins to turn back east-
ward, the core is running parallel to the coast, 90-100
km offshore. Associated with this offshore displacement
of the core is a lifting of the first isopycnal layer interface
on its coastal side as the tip is approached. The value,
of BETA is substantially reduced, as well as its impor-
tance in the vorticity balance along the coast. The major
component of the balance contributing positive vor-
ticity here is STRCH, which is directly related to the
lifting of the layer interface. As in the previous cases,
viscous effects are strong between the current core and
the coast and are balanced now primarily by stretching
and relative vorticity advection. Where the large part
of the current is turning back toward the Indian Ocean
the magnitude of STRCH is reduced. Here BETA and
STRCH contribute approximately equal amounts of
positive vorticity, suggesting that both are important
in the retroflection. Also, the broader current picks up
less negative relative vorticity along the coast and is
less nonlinear as the major portion turns eastward than
in the previous multi-layer experiments. The fluid path
in the Agulhas Return Current is, therefore, more zonal
and the terms of the vorticity balance much smaller
than with the rectangular Africa.

8. Discussion

The analysis presented here confirms the hypothesis
advanced by de Ruijter and Boudra (1985) and Boudra
and de Ruijter (1986): that the model Agulhas retro-
flection results from the change in the vorticity balance
as the current leaves the South African coast for the
open ocean. It is apparent, first of all, that a strongly
frictional boundary condition is required for the current
to separate when inertia is strong enough to overcome
the linear tendency to make the sharp westward turn.
Along such a coast, the friction provides a sink for the
B-induced gain of positive vorticity. As the current sep-
arates, friction diminishes and, in the one layer model,
the continued S-generation of positive vorticity results
in the eastward turn. As the vertical structure becomes
more baroclinic in the multilayer model, positive vor-
ticity is induced by both § and the mean divergent
component of flow through the stretching term. Again,
once the dissipative sink of this positive vorticity has
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been left behind, the fluid expresses the gain of vorticity
in a counterclockwise turn.

It is natural to ask why the stretching term acts in
the same sense as (3 so that the retroflection becomes
stronger so rapidly as the top layer thickness is de-
creased. This may be explained if we remember that
the equilibrium stretching term is proportional to the
temporal mean of layer thickness advection times the
inverse of layer thickness, and consider the large scale
deformation of the first layer interface, which is set up
by the basin structure and wind-forcing pattern. This
way of looking at the stretching term suggests that
wherever fluid parcels move from large toward small
layer thickness, positive relative vorticity will be in-
duced. In this respect, the term acts like a planetary or
topographic 8. Though not rigid, like lines of constant
fand bottom depth, the isopycnals’ large scale structure
may be considered quasi-steady once equilibrium con-
ditions have been reached. In the retroflection region
of our model, the isopycnal layer interface slopes up-
ward toward the subpolar gyre and toward the eastern
subtropical Atlantic. In the mean, then, motions toward
the south or west out of the retroflection tend to gen-
erate positive relative vorticity, encouraging the fluid
to return. Conversely, northward motion on the east
side of the retroflection eddy is generally toward larger
layer thickness and generates negative relative vorticity,
resulting in cyclonic curvature out of the retroflection
toward the east. The planetary 8-effect and the stretch-
ing term thus complement each other.

At this point, it is instructive to consider some sim-
ilarities and differences with the Ou and de Ruijter
(1986) model. Their model contains two of the ele-
ments which are of primary importance in our model
retroflection: inertia and 8. It does not include coastal
friction (which is of utmost importance in our model),
temporal variability, or motion in more than one layer.
Both models, however, apparently achieve boundary
current separation with a motionless condition on the
west (or northwest) side of the current—in their case,
as the motionless lower layer outcrops along the coast,
in ours through use of a highly frictional boundary
condition. In fact, separation in our model usually oc-
curs as the current shoots past a very abrupt change in
the boundary orientation.

In the final experiment here, the change in coastal
orientation is less abrupt. In fact, the shape lacks their
convex curvature, but is otherwise quite similar to the
one with which Ou and de Ruijter obtain retroflection.
Correspondingly, the similarity between the mean re-
troflection flow pattern in our experiment and their
calculated path for the Agulhas greatly increases. In
particular, the core of the model Agulhas separates from
the coast at approximately the same upstream distance
from the southern tip as their Agulhas separates, and
begins retroflecting as it is passing the tip, also like
their current. The physical mechanism of the layer in-
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terface outcrop in their model is the positive shear vor-
ticity induced by B, which through the thermal wind
relation, must be accompanied by increased isopycnal
interface tilt. At some distance down the coast, then,
the interface reaches the upper surface at the coast, and
the current must separate. The first isopycnal layer in-
terface in our model does not outcrop, but it does rise
along the coast as the current core separates. While
their model is much simpler than ours, the similarity
between our mean flow pattern and their current path
suggests that the same physical mechanism may be at
work.

From their one and one-half layer model calcula-
tions, Ou and de Ruijter (1986) conclude that inertia
and g together play a dominant role in the retroflection.
After investigating the details of our numerical model
retroflection, we would add to this list coastal friction,
which acts as a sink of some of the 8-induced gain of
positive vorticity. In addition, a major finding of this
study with a fully baroclinic model concerns the im-
portance of the upper ocean distribution of water

-masses, which is set up in reality by both wind and

thermohaline forcing. Our model results suggest that
low magnitude potential vorticity waters of the south-
west Indian Ocean, attempting to escape westward
south of Africa’s tip into the higher magnitude potential
vorticity waters of the eastern subtropical South At-
lantic, experience a torque, through the stretching term
of the vorticity equation, which helps to drive them
back toward the Indian subtropical gyre.
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