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Abstract. The Agulhas leakage to the South Atlantic ex- We suggest that the observed difference in ring-shedding
hibits a strong anti-correlation with the mass flux of the Agul- intensity during times of normal retroflection position and
has Current. When the Agulhas retroflection is in its normaltimes when the retroflection is shifted eastward is due to the
position near Cape Agulhas, leakage is relatively high andchange in the retroflection location with respect to the kink.
the nearby South African coastal slant (angle of derivationWhen the incoming flux detaches from the coast north of the
from zonal) is very small and relatively invariant alongshore. kink, ring transport is small; when the flux detaches south
During periods of strong incoming flux (low leakage), the of the kink, transport is large. Simple process-oriented nu-
retroflection shifts upstream to Port Elizabeth or East Lon-merical simulations are in fair agreement with our analytical
don, where the coastline shape has a “kink”, i.e., the slantesults.

changes abruptly from small on the west side, to large (about
55°) on the east side. Here, we show that the variability of
rings shedding and anti-correlation between Agulhas mass )

flux and leakage to the South Atlantic may be attributed tol Introduction

his kink.

t 'T'o do so, we develop a nonlinear analytical model for The normal retroflection position of the Agulhas Current
retroflection near a coastline that consists of two sections(AC) is to the southwest of Cape Agulhas (Lutjeharms
a zonal western section and a strongly slanted eastern se@d Van Ballegooyen, 1988a). Occasionally, however, the
tion. The principal difference between this and the modelretroflection shifts upstream and occurs near Port Elizabeth
of a straight slanted coast (discussed in our earlier papers) {87 East London (Fig. 1, upper panel). This unusual east-
that, here, free purely westward propagation of eddies alongvard shift typically occurs during periods of strong incom-
the zonal coastline section is allowed. This introduces an inIng flux (SIF). The coastline geometries near the two differ-
teresting situation in which strong slant of the coast east ofeht retroflection areas are distinctly different. During SIF,
the kink prohibits the formation and shedding of rings, while retroflection occurs near a coastline that is strongly concave
the almost zonal coastal orientation west of the kink encour-{i-€., in plan view, the on-land angle between the two straight
ages shedding. Therefore, the kink “locks” the position of theC0asts is considerably smaller than 1g0vhereas during
retroflection, forcing it to occur just downstream of the kink. times of normal position of retroflection (NPR), the nearby
Rings are necessarily shed from the retroflection area in oufoastline is weakly concave.

kinked model, regardless of the degree of eastern coast slant. This article supplements our recent theoretical investiga-
In contrast, a no-kink model with a coastline of intermediate tions suggesting that Agulhas ring-shedding variability is pri-

slant indicates that shedding is almost completely arrested bynarily due to the inertial and momentum imbalances in com-
that slant. bination with the coastal slant (deviation from zonal orienta-

tion) near the retroflection (Zharkov and Nof, 2008a, b: here-
after referred to as ZNa, ZNb, and, jointly, ZNab). Here

Correspondence tdD. Nof we push our recent work closer to reality by introducing
BY (nof@ocean.fsu.edu) a “kink” in the previously straight coastline configuration.
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jeharms and Van Ballegooyen, 1984). During NPR, when the
AC volume transport is low, the Agulhas retroflection pro-
trudes westward and is located near a coastline of low slant
and little curvature. During these times, there is an increase
of warm water influx (via rings) into the South Atlantic.
During SIF, on the other hand, the retroflection shifts east-
ward to a location where the coastline has a concave “kink”
(i.e., where the on-land angle between the two approximately
straight coastlines is considerably smaller than°)80his is
probably consistent with the observation that rings in the Ag-
10E 15E 20E o5E 30E 35E ulhas region are typically shed about 5-6 times per year, but
the period of their formation increases sometimes to almost
half-a-year (e.g., Byrne et al., 1995; Gordon et al., 1987; Lut-
jeharms, 2006; Schouten et al., 2000; Van Aken et al., 2003).
Interestingly, there is no consensus on the significance
of seasonal variability of the retroflection and other Agul-
has features and processes. Shannon (1985), and Esper et
al. (2004) point to a seasonal variability of the retroflection
position, which is in agreement with the numerical calcula-
tions of Reason et al. (2003) suggesting that the incoming
flux is maximal in winter and minimal in summer. Ffield et
al. (1997) also point to seasonal variation in the Agulhas vol-
10E 15 20E 25E 30E 35E ume transport, and some seasonality in the Agulhas sea sur-
face height was also shown by Matano et al. (1998). Goni et
0 ] 5 3 4 5 al. (1997) suggest that seasonality can very moderately affect
ring shedding. Their observations during 1992—-1995 sug-
Fig. 1. The transport density (shaded patches, in Sv) based on float§est that six out of the 17 consecutive Agulhas rings were
distribution. Upper panel: the first six months after release of allfirst observed in austral summers while only four rings were
floats in 1986-1987, when the AC transport was 65.4 Sv. Lowerfirst observed in winters. In addition, the volumes of all four
panel: the same but for 1988-1989, when the AC transport wasyinter-rings were less than the value averages over all rings.
61.0Sv. The thick blue lines show the transport mean trajecto-However, such volume variations are not commonly believed
ries. Bathymetry is shown by the gray lines (1500 m contour in- 4 e responsible for significant seasonal modifications of the
terval). The dashed line is the location of the Good Hope line overrings’ shedding regime (e.g., Van Sebille, 2009).

which the Agulhas leakage is calculated. During the time of lower . . .
. In contrast to the above ideas of seasonality, Lutjeharms
transport (lower panel), the current detaches from the continental

slope farther downstream. The retroflection is consequently movedalnd Van Ballegooyen (1988b), anq Lutieharms (200,6) speak
westward and the magnitude of the Agulhas leakage is increased@0ut anomalous and more occasional eastward shifts of the
Adapted from Van Sebille (2009). Agulhas retroflection area. Associated with these shifts is a

decrease in ring shedding.

The anomalous eastward migration of Agulhas retroflec-

This refinement allows us to mimic more closely the actualtion occurs usually 2-3 times per year and lasts 3—6 weeks.
coastline orientation. In a (land) concave model the land pro-There have also been observations of very irregular, inter-
trudes toward the ocean so that the ocean occupies more thamnual variations of the retroflection position. For instance,
half the 360 plane. In the convex model, the ocean bulgesthe so-called “early (upstream) retroflection” events occurred
into the land so that it occupies less than half the°3@8ane.  in 1986 (Shannon et al.,, 1990) and in 2000-2001 (Quar-
The former case is applicable to the southern tip of Africa,tly and Srokosz, 2002; De Ruijter et al., 2004), when the
whereas the latter is more appropriate to the southwest AtAC retroflected to the east of the Agulhas Plateau. A de-
lantic. Our focus here will be on the South African case.  crease in Agulhas leakage in 1986 (during the first known

early retroflection) is clearly seen in Fig. 6 of Van Sebille
1.1 Observational background et al. (2009b). During the second early retroflection event

(2000-2001), no eddies were shed for about five months.
Although the positions of retroflected currents are in general De Ruijter et al. (2004) suggest that the strong reduc-
determined by the position of the zero wind stress curl, thetion (or even shutoff) of leakage via rings is due to La-
exact path and position of the AC retroflection adjacent to theNifia. By contrast, enhanced leakage occurs during B&Ni
coastline is sensitive to various parameters such as the AChis is in accordance with (our) Fig. 1 adopted from Van
volume transport and the coastline orientation (see e.g., LutSebille (2009) and suggesting that LaAdievent occurred
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in 1986-1987 (upper panel) whereas ERbBlioccurred in  momentum and mass conservation. Mathematically, this
1988-1989 (lower panel). We can expect the time periodaneans that the ratiap, of the mass flux going into eddies
between consecutive La-f\i events to be comparable to the to the incoming mass flux isd(1 + 2x), wherex is the eddy
classic ENSO periods but with no regularity. (Note that in intensity coefficient (the eddy’s orbital velocity és f R/2
Biastoch et al., 2008, they are two years apart.) In additionwhereR is the eddy radius and is the Coriolis parameter;
duration of La-Niia events in the Indian Ocean and the AC in the case of zero PV is 1). Therefore, the necessary con-
are much shorter than for the usual Lailliconditions inthe  dition ® <1 is satisfied only forr < 0.5. This is because, in
Pacific (see e.g., Van Sebille et al., 2009a, VSa, hereafter). the strong inertial limit¢ > 1/2), the momentum flux of the
retroflecting current is just too high for rings to compensate
1.2 Theoretical background for it, no matter how many rings are produced and no matter
how large they are. One way to avoid this paradox is to fo-
An anti-correlation between the AC transport and the west-cus on currents retroflecting near coastlines with slants larger
ward protrusion of the retroflection (and, therefore, increasehan a threshold value<(15°).
in Agulhas leakage) has been pointed out by De Ruijter zNb considered the case of a single straight coastline and
and Boudra (1985), Boudra and Chassignet (1988), Esper &howed that the value @b decreases monotonically to zero
al. (2004), and VSa. It has also been shown that the posias the slant grows from zero toQQA critical coastline slant
tion of Agulhas retroflection has a strong impact on the inter-was defined, below which there is rings shedding and above
annual variations of the inflow to the South Atlantic, WhiCh, which there is almost no Shedding_ Indeed, in the case of a
in turn, significantly affects the decadal variability in the At- meridionally directed incident current, no eddy detachment

lantic meridional overturning circulation (Weijer etal., 1999, has been found in numerical models (Arruda et al., 2004).
2002; Biastoch et al., 2008). While all of these studies are

informative, none specifically addresses the dynamic balance.3 Present approach
involved in the anti-correlation modeling.

The idea that coastal geometry is important to retroflectingin this paper, we take a step closer to reality by considering a
currents is also not new. It was recognized by Ou and Deretroflection along a coast with a kink, i.e., a concave or con-
Ruijter (1986), Boudra and Chassignet (1988), De Ruijtervex coast consisting of two straight coastlines with different
et al. (1999), Chassignet and Boudra (1988), and Pichevirangles of slant. It can be inferred from Pichevin et al. (2009),
et al. (1999), though none of these earlier studies focuse@s well as from others, that the effect of an abrupt change
specifically on the issue that we are addressing here, where@af slant is significant when the distance between the point of
small slant allows for stronger eddy production. coastal inflection and the point of the AC coastal detachment

Of these earlier studies, Ou and De Ruijter (1986) is theis within the ring diameter. It will become clear later that this
closest to our new kink model. Here the authors assumedppears to be the case fairly often because the kink locks the
that the flow has a scale larger than the Rossby radius angosition of the retroflection.
that the flow scale is also larger than the continental radius We shall consider three separate cases: Concave |, Con-
of curvature. In their model, the AC attempts to follow the cave Il and Concave lll. In Concave I, the western segment
coastline but cannot continue to do so when the coastlinef the coastline is purely zonal. This is a special case has ap-
curves strongly to the right (looking downstream) becauseplication to both NPR and SIF conditions; the eastern angle
the curving is too sharp for the current to mimic. Conse- of slant will be smaller for the NPR case. Concaves Il and
quently, the current separates from the continent and a spadd will be considered as simplifications of the South African
opens up between the two. In its unsuccessful attempt to concoast geometry (Fig. 2), in that the western segment will no
tinue hugging the continent, the current cyclonically loopslonger be constrained to a purely zonal orientation. In Con-
upon itself in this open space. Supposedly, this looping pro-cave Il, which is meant to approximate the coastline near the
duces the retroflecting eddies. The main weakness of thisetroflection during NPR, the angle between the two (non-
theory is that it requires a relatively large coastline curvaturezonal) coastlines is almost 1880 the degree of concav-
for ring production, and so this model cannot be used to tracety is weak. In Concave lll, which represents the coastline
the dynamics of shedding in areas of only weak curvaturenear the retroflection during SIF, the angle is much smaller
Also, according to this theory, the thermocline outcropping so the system is sharply concave. We will develop a non-
is a necessary condition for detachment of the AC from thelinear retroflection model (Fig. 3) using the slowly varying
coast. approach suggested by Nof (2005).

For the case of a nearly zonal coastline and within a 1.5- In considering the model geometry, we will neglect the
layer model, Nof and Pichevin (1996) showed that baroclinicvarying offshore bathymetry even though the southern AC is
rings are generated to compensate for the eastward retroflecsteered by the shelf break rather than the coastline (Lutje-
ing current momentum flux (flow-force). ZNa elaborated on harms, 2006). This simplification is justified because when
this condition and pointed out a “vorticity paradox”: only the retroflection occurs not far from the concavity of the
rings with strong relative vorticity satisfy the equations of coastline, the shelf break and coastline are parallel. Also,
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Fig. 2. Map of South Africa with a superimposed pentagon showing the model geometries. ABC corresponds to Concave |l (coastline
representation for NPR), and BCD corresponds to Concave Il (SIF). Concave | is a zonal south-facing coastline contiguous with a slanted
eastern shore (that could be NPR or SIF represented by different angles of slant or a mean slant).

rings shed from the eastward-shifted retroflection propagatés devoted to an application of our results to the variability
westward and avoid the southern part of the Agulhas Bankin Agulhas ring shedding and leakage into the South Atlantic
because its scale is smaller than the scale of one separat®th rings. Finally, we summarize and discuss our results in
eddy. Sect. 7.

There are two important differences between the kink and
the no-kink models. First, in the kink model, rings can escape,
from the generation area faster than in the no-kink model

because in the no-kink model the rings are forced into theaq in zNab. we consider a boundary current (with dengjty
slanted wall. By contrast, in the kinked model, the rings aregmpedded in an infinitely deep, stagnant lower layer (whose
almost completely free to propagate westward. This impliesyensity isp + Ap), except that here the vertical boundary on
that more rings will be generated in the kinked model be-yhq \vest is not a single straight line. The first coastline to be
cause they can quickly escape a recapture by the new ringsynsidered (Concave 1) consists of two rectilinear sections
generated behind them. Second, the momentum flux in therig 3): one is zonal, and the second one is slanted at an
direction corresponding to the rings’ migration route (al- angley that varies between°Cand 90. The current flows

most zonal) is smaller in the kinked model than in the no- g4 thwestward along the slanted section and then retroflects
kink model because this flux corresponds to merely a comq,ih of the kink.

ponent (cog) of the upstream longshore momentum. This  Ag mentioned, the main differences between the kinked
implies fewer and smaller eddies in the kinked-model case ;56 considered here and the no-kink model considered in
These two processes above compete, with the first encouragry 5 gre: (i) here, the rings escape from the generation area

ing and the second inhibiting ring production in the kinked ,cter than in the no-kink case (because they no longer run

model. Which one dominates depends on the particular Cirjntg the wall), implying a larger production of rings, and

cum_stances_. In the cases that we considered, t_he first proceas here, the zonal component of the upstream momentum-
dominates, i.e., there are considerably more rings produceg}y ;onal component is smaller, leading to a smaller produc-
in the kinked model case. tion of eddies. Which of the two competing processes dom-
This paper is not self-contained. Readers interested in furinates depends on the problem’s particular conditions. In all
ther details may consult ZNab. In Sect. 2, we introduce thethe cases we looked at, the first process dominates. Note that
governing equations that control the development of the baséhe appropriate momentum-flux to consider here is the zonal
eddy on a kinked coastline. In Sect. 3, we present modebne (not the slanted), because the rings are generated just
solutions for cases of varied parameterandy. Section 4  downstream of the kink and start migrating westward right
is devoted to an examination of ring size, drift speed, andaway. The numerics will later verify this assessment. Using
shedding period. In Sect. 5, we give the results of numericathe same notation used by ZNab (see Table Al in Appendix),
simulations and compare them with the analytics. Section @ne ultimately finds the following equation for the ring radius

Statement of problem
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In

3 Solution
Q

We solved the system of equations, again by using the
Runge-Kutta method of the fourth order. We used:=
70Sv;g' =2x102ms?; f =88x 10 °s 1 (correspond-
ing to 35 of latitude) and, we considered two cases of
ho:0m and 300 m. The parametemwas varied between 0.1
> X and 1.0, angr was varied betweerf@nd 90. The functions
R(t) and @ (¢) for the case of zero PWy(=1), ho =300 m,
D, andp =2.3x 101 m1s1 are shown in Fig. 4 (left pan-
els). For a comparison, analogous plots (without triangles
-c, (8) D and squares) for the ZNa, ZNb model are also shown (right
1 panels). The quantitative difference between the two models
is obvious. Only the curves fgr = 0° are identical because
(P+aP) the case of a zonal wall is the same in both models. In the
kinked case, th& values grow infinitely with, and thed ()
c* > D curves approach asymptotic values that decrease with grow-
g-c,,(t) ing y. As expected, in the case of a zonal wall=£ 0°), the
asymptotic value is close to 4/3. All the curves fox 60°
Fig. 3. Schematic diagram of the Concave | case: a zonal westintersect the “dead line® = 1, indicating that the “vortic-
ern shoreline segment with a slanted coastline-Q to 9¢°) to the ity paradox” occurs at the sections of curves above this line.
east. The hatch marks indicate land. is the center of the base We can see that the paradox could be circumvented only for
eddy. The incoming fluQ flows along the wall, and the outgo- j > 60° (instead ofy > 15° as in the ZNa model), because
ing (retroflected) flux is directed to the east. The widths of the it s for this minimal value ofy that ® does not intersect
currer_1ts areil anddo, respectively_. Th_e “W.iggly” arrows indicate  the deadline. The asymptotic value for=90° is close to
the migration of tlhe base eddy; this migration results from both the2/3' indicating that this case is similar to the ballooning-of-
eddy growth, which forces the eddy away from the zonal wall, andoutﬂows problem (Nof and Pichevin, 2001).

from B, which forces the eddy along this wall. The migration ve- . .
locity component-Cy (1) is primarily due to eddy growth, whereas For smaller values o (vorticity coefficient), the curves

—Cx(r) is primarily due tg3. The thick grey line (with arrows) indi- Of R(1) and (1) (not ShQW”) are similar to those §hown In
cates the integration path, ABCDAiis the upper layer thickness of 1. 4, but the asymptotical values & go down with de-

the stagnant region wedged between the upstream and retroflectirgf€asingr. As expected from the analytical model, these val-
currents, andd is the off-shore thickness. The ring forms down- ues can indeed be approximated ly(2+ cosy)/(1+ 2«).
stream ofA, and immediately starts migrating westward. Conse- This result implies that the detached rings compensate for
quently, the integrated momentum flux along the slanted wall in-the momentum of both the entire retroflected current and
volves an unknown force acting on the wall (and therefore cannotthe zonal projection of the incoming current. Therefore, the
be used) but the zonal integrated momentum does not. “vorticity paradox” is circumvented when the slant of the
tilted coastline section is not less than tbdl/2«), which

is 60 for zero PV t =1).

R as a function of time,

(afo)®

240 [2(1+COS}/)R5—5(5%—5§)R3—5(8f003y +683) 4 Detachment of rings
2 fog'ho 4.1 Lower and upper boundaries for final eddy size
R4 (383 55253 — 255)| 1 %S08 0 : pp y
FeRe e 2)]+ 12 Following ZNb, th i iod f h individual
3 .3 3 2 ollowing , the generation period for each individua
[(1+c03y)R —(87cosy +65) |[—7 R fing is,
_ 2p2
[g/HJF“(Z#}‘;_f:Q (1) 1r=@R;+d)/ICyfl, @)

whered is the distance between two consecutive rings,
This equation differs from its counterpart in ZNa in that is the ring propagation rate in the zonal direction, and the
Eq. (1) the ZNa terms with 8 R? are absent here, and Eq. (2) subscriptf denotes the final value (i.e., the value at the time
in ZNa cog serves as a multiplier for other terms than here of detachment). The lower boundary for the final eddy size

in Eq. (1). The remaining equations defining the functions(r ;) is obtained from the condition of “kissing eddies”, i.e.,
R(t) and®(¢) are the same as in ZNa and are not reproducedj = 0.
here.
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Fig. 4. Base eddy radiug (upper panels) and mass flux rafio(lower panels) as functions of time for different valuegofConcave | case
(left) and analogous no-kink ZNa model (right). For the kink moglehdicates the angle of the eastern shoreline segment; for the no-kink
modely indicates the angle of single-segment slant. The straight dotted “dead lines” (lower left panels) show thedigmid,ob = 1.

Red triangles and squares (upper left) denote the lower and upper boundaries of the detachment pes@ifarlo-11m—1s1 o =1,
ho=300m.

Next, we define the upper boundar® (,) for the basic  slant angle. The difference between the lower and upper size
eddy’s final size, and for the generation periog,]. This boundaries decreases slightly with diminishingn the con-
expression implies that the ring can propagate at least its owtrast, in the ZNb no-kink model, the lower and upper bound-
diameter: aries do intersect: the critical points of intersection are cir-
cled. (When the slant is supercritical, rings do not move out
tfu N

of the retroflection area fast enough and, consequently, they
/ Cxldt =2R . (3 are recaptured by the flow behind.) In addition, in the ZNb
0 model, the curves fox = 1 terminate at a value of that is
significantly less than 30because for largg and small,
he base eddy is forced into the wall and is not allowed to
&row. Such a process does not occur in the Concave | model
considered here.

The ring detachment periag (Fig. 5, second row) de-
creases with growing, as does the final eddy radius (first
row). Here in the kink case, we again see no intersection or
convergence of the curves depicting upper and lower bound-
Here, we shall use.2x 10 m~1s1 and 6x 10-11m-1 aries (i.e., no critical angle). Eddy speed decreases with in-
s1for . The first is a commonly used value, whereas the€r€asingx (Fig. 5, third row). Another difference between
second is magnified (more convenient for the model runs)the kink model and the ZNb model is that the no-kink
The left upper panel of Fig. 5 showd; and R, as func- andzy, tend to infinity andCy; and C¢, go to zero when
tions of y, and the right upper panel shows the analogousy — 90°. This eddy shutdown does not occur in the kink
no-kink results. For both models, the functions decrease a§'0del because when the retroflection occurs near the kink,
y grows. In the kink (Concave ) case, the curvesRyf detached eddies can now (Concave |) propagate westwards

and R s, do not intersect, implying that there is no critical with no obstacles.

Physically, the upper boundary corresponds more directly t
the detachment of isolated rings, whereas the lower boundar
is a condition for the eddy chain formation. So, rings detach
and propagate out of the retroflection area only wRenis
indeed less thar ;.

4.2 Analysis of lower and upper boundaries

Ocean Sci., 6, 997:011, 2010 WWWw.0ocean-sci.net/6/997/2010/
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Fig. 5. Final base eddy radiiy; andR r,,), ring generation periods f; andts,), ring zonal propagation rate€’{; andCx,), and mass
flux ratios @; and®,,) as functions of/ for Concave I (left panels) and analogous ZNb model parameters (right panels, with non-zonal ring

propagation rate€s/ andCgu), for hg=300m andg = 2.3x 1071 m~1s~L. The curves are paired, where solid and dashed lines show

the lower and upper boundaries of the eddy radius, respectively. In the Concave | case, upper and lower boundaries do not intersect. In the
ZNb model, upper and lower boundaries do intersect, implying the existence of critical slant angles. Such critical points are circled.
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4.3 Mass flux going into rings The numerical parameters were: (i) a time step of 120s;

We will . h i of f . h (i) a grid step of 20 km; (iii) a Laplacian viscosity coefficient
e will now estimatep, the ratio of mass flux going intothe ¢ " =240 2 1o, y > 15 and fory = 15°, o > 0.1; and

growth of the rings to the incoming flux. Becaudalepends 1000m?s2 for y = 15°, « = 0.1. Other parameters were
on time, this ratio is obtained by averaging instantaneous valzg, —2x102ms2, fo=88x 10551, 0 =70Sv,B =
ues over the period of eddy generation. As expected, aVy 3. 10 lm-lg1 (realistic) or 6x 10-1tm~1s1 (mag-
eraged values ob for both models decrease with increasing

i | Fia.5 | IS) In the kink model. th nified), and the initial value okg =0 or 300 m. We ran all
coastline slang (Fig. 5, owerpane S)'. nthe kinkmodel, the experiments for a long time (about 210 days for most,
@, and®; curves for a giver do not intersect. In contrast,

. . . X but about 700 days for some), so that even the zero PV ex-
in the analogous ZNb case, thecurves intersect twice, first y )

. di b 4and 35 and th periment ultimately had its PV strongly altered by the cumu-
at points corresponding tp between 4 an ;and then —4ve effects of friction. Therefore, we used time-averaged
again at highey when the angle is critical (an@ > 0.1);

; ) values ofu in our quantitative comparisons. For most of the
Fig. 5, lower right panel). For both models, low-angle values

£ fall above the “dead line” (i Fthe experiments, we chose the magnified valug @fhich accel-
or &1al a OV,? € ‘deadiine ("e" appearance ol € VoI g ates ring detachment and makes our runs more economical.
ticity paradox”) fore > 0.8. Maximum time-averaged val-

. . For the realistic value g8, the model results do not qualita-
ues, which occur whew = 1, are considerably less than 4/3, of d

b he I o hi han 1 tively differ from those obtained with the magnifigdd but
ecause t. N !nstantaneous values>adre much less than the time required for the numerical runs does noticeably in-
at the beginning of eddy development. kor 34°, all the

bel he dead line. Distinguiskiedh ) crease. In addition, for large#, the effect of viscosity gets
curves are below the dead line. Distinguis aracteris- even stronger, which makes the view of some rings extremely

tics for Concave | are as mentioned above: no critical anglesfuzzy_ Finally, increasing increases the ring propagation

and< does not tend to Zero with growing _ rate, compensating for the deceleration by viscosity.
One can ShQW that varying upper layer th.|ckness has only Viscosity values used in these experiments may be con-
a very weak influence on the detached rings (results NOLigered high for studying an essentially inertial process like

shown). - Using the modified value qﬂ r{;\ther. than the Agulhas ring shedding; however these values are essential
standard value does not lead to qualitative differences eiz

ther. H h i te of 1i ) (52 maintain numerical stability for the required duration of
er. However, the propagation rate ot rings INCreases, ang, o experiments. Still, the relatively coarse resolution used

8h these experiments~20 km) assures clear dominance of
inertial forces over viscous friction.

We examine first some general simulations not meant to
represent NPR or SIF but to illustrate model dynamics at a
fixed outflow latitude. For most Concave | cases, our nu-
5 Numerical simulations: Concave | merical simulations (withy = 15°, 3(°, and 45) show the
detachment of two or three rings from the retroflection area

As in our previous studies, we used a modified version of theduring the first 200 days (Fig. 6). As a secondary effect, the
Bleck and Boudra (1986) reduced gravity isopycnic modelgocqng eddy often collided with the first one. A similar ef-

with a passive lower layer and the Orlanski (1976) secon‘,j'fect was present in the numerical simulations of Pichevin et

o_rder radiation conditions for the open boun_dary. The basin,, (1999), though the authors of that paper did not note it.
size was taken to be 3261600 knt. The continent (Figs. 6 o, simylations withy = 60° showed increased influence of

and 7) was modeled by a fixed meridional westemn wall g, vings formed in the upstream flow (due to meandering,
(600km long), a southern wall that could be either 2200km ¢ yetrofiection). Such rings moved westward and reached

(in the casey = Qo) or 1000-1200km long, and, f@f> 0?’ the retroflection area but, upon approaching the developing
an eastern wall inclined by the angleto the zonal direction base eddy, were weakened and did not affect it.

(y varied between _105and 90 in steps of 18). The walls The simulations withy = 75° and 90 confirm our con-
were taken to be slippery. jecture that these angles are “almost critical” for modiffed

The experiment began by turning on an outflow &0, | qeeq the runs witr = 0.1 were very similar to those for
the numerical source was an open channel containing stream; _ 60°, i.e., there was a detachment of two eddies during

Iri]ne.s para}ll.el tg the sIaptedﬂvvaII inr;(hg inpcimir:g c.;urrentf.?ndthe first 200 days. However, a more typical situation is dis-
orizontal in the outgomg ow. The |n|t|a_ velocity profile played in Fig. 7 ¢ = 75°). During 300 days of simulation,
across the channel was linear, and the thickness profile w nly one eddy is detached, and a second one is about to be
parabolic. Because each run provides many data points, it ie (s ched. Sometimes the meandering of the retroflected cur-
believed that we have enough data to work with. We ChoSerent becomes so strong that it leads to the formation of rings

the initial PV of c()jutflows such thatdthe sr:argng'va.lues?f not only in the area of retroflection (i.e. base eddy) but also
were 0.1, 0.4, and 1.0. As expected, at the beginning o eaCIaownstream in the outgoing jet and upstream, prior to the

run V\llhen.thlfl orbital velocities were still highchanged rel- - orofiection. Some of our runs show that such rings form
atively quickly. and detach even earlier than the base eddy does, and they

boundaries become close to each other for largmeaning
that the shedding regime is nearly critical but not supercriti-
cal.

Ocean Sci., 6, 997:011, 2010 WWWw.ocean-sci.net/6/997/2010/



V. Zharkov et al.: Retroflection from a double-slanted coastline 1005

1600 1600
y y i
800[ 1 800
Day 80 Day 150
o " L L " L 1
0 800 1600 2400 - 3200 % 800 1600 2400 3200

Day 230 Day 300

. . . 0 i . .
0 800 1600 2400, 3200 0 800 1600 2400  ,-3200

Fig. 6. Upper layer thicknesses for the case of a Concave | coastline with a modest kink (mijisind a current with high upstream

vorticity ( y=45°, « =1, hg=300m,v =700nfs 1, andg =6x 1011 m~1s~1). The eastern wall is not critically slanted, so rings are

formed upstream of the kink. Thicknesses are given in meters, and the x and y scales are in kilometers. This figure, as well as Fig. 7, is given
here merely to illustrate the dynamics — both figures are not necessarily associated with either the SIF or NPR, whose numerical runs are

displayed in Figs. 9 and 10.
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Fig. 7. Upper layer thicknesses for the case of a Concave | coastline with a sharp kink{)ange a current with modest vorticity (= 75°,
a=0.4,hg=300m,» =700n?s 1, andB =6x 101 m~1s71). Here, the eastern wall slant is too high to allow for ring production, so

rings are produced just downstream of the kink, which effectively locks the position of the retroflection. Only one eddy is detached; a second
one is about to be detached on day 300.

then propagate into the retroflection area, forcing the baset al. (1999) suggest that according to their simulations,
eddy to detach as well (not shown). upstream rings that formed off-shore (in the northeastern
If rings shedding were completely prevented by re- part of the retroflected current) detached and ultimately re-
capturing (such as in the super-critical case of the retroflec€ncountered the approaching current. They supposed that
tion from a straightforward no-kink slanted coast), then these events were artificial, suggesting that, in nature, such
we would not be able to say how, and if, the retroflec- eddies are observed to be advected eastward. However, Lut-
tion paradox (Nof and Pichevin, 1996) could be circum- ieharms _(2006, p. 227) notes that at least cold cyclonic eddies
vented. It is worth mentioning here in passing that Pichevin{formed in the Agulhas Return Current) propagate westward

WWW.0ocean-sci.net/6/997/2010/ Ocean Sci., 6, 99214, 2010
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400 ° Table 1. Theoretically estimated (Concave I) shedding ratios as a
function of the vorticity coefficienty.
R, km o

o 01 02 04 06 08 10

300 Eddyradius for SIF
Eddyradius for NPR 096 0.96 0.96 096 096 0.96
Sheddingperiod for SIF
Sheddingperiod for KPR 1-04  1.05 106 1.06 1.06 1.06
Eddyvelocity for SIF
Eddywelosiy forNpr ~ 0-93 092 091 091 091 0.90

200

— 90" kink model, and (Fig. 2) we take = 15° as representative of
100 NPR conditions angr = 60° for SIF.
0 0.2 04 Using the analytical Concave | model, we estimated

SIF:NPR ratios of various shedding parameters (Table 1).
Fig. 8. Ring radii from the analytical kink model and corresponding Al the numbers here are obtained by numerical realization
numerical simulations for a range of eastern wall slaps (The of our Egs. (2) and (3), with an error of 0.1% or less. It
slant of the western segment s nearly Z€ro. Modeled valuﬁgpf is seen that the intensity of ring shedding significantly de-
and Ryu are plotted against for ho =0 (solid and dashed “n.es’ creases during SIF —i.e., eddies are produced less frequently
respectively) and foko =300 m (dash-and-dotted and dotted lines, " i e ocities are lower than during NPR. Therefore

respectively). The numerical values &fcorrespond tax being, -
as in ZNb, averaged over the periods of simulations (diamonds folth€ mass transport from the Indian Ocean to the South At-

ho=0 and circles fofig = 300m). The numerical radii are larger lantic is weaker during SIF than during NPR (despite the
than in our model because of viscosity, which spins the rings downnon-critical regime in both cases). Note that the parameter
flattening them out. ratios given in Table 1 are almost independent of
To fit the model geometry to nature and make the horizon-
tal scales as close as possible to their real values (Fig. 2), we
and are subsequently absorbed by the first meander encouaeopted Concave Il as representative for NPR conditions and
tered in their westward paths. Concave Il for SIF. The SIF shedding regime near the kink
We also quantitatively compared analytical and numerical(point C in Fig. 2) is shown in Fig. 9 for weak vorticity and
model results for the case of a Concave | kinked coastlineshallow depth. The NPR shedding regime with the retroflec-
The outcomes are similar to those mentioned in ZNb, i.e., thdion near point B is shown in Fig. 10. The retroflection lat-
agreement in rings radii is good, with possible differencesitude here is south of that for the Concave Il case. Note
of about 20%, on average (Fig. 8). However, propagationthat we moved here the strongly slanted easternmost shore-
rates in the numerics are on average about half those in odine segment out of the calculation frame. (Otherwise, the
analytical model, again because of the effect of viscosity. area of the numerically simulated retroflection shifts gradu-
ally to the east, as would occur during a restoration of the
SIF regime.) Also, to maintain numerical stability, we had to
6 Agulhas rings leakage variability increase the viscosity here by about 20% over that in the Con-
cave lll case. The eddy generation period for this NPR sim-
Our purpose here is not to duplicate nature point-by-pointulation is less than that for SIF (Fig. 9) because, although the
(for which a more sophisticated model subject to muchfirst two eddies are generated almost at the same time in both
longer runs is needed) but rather to point out the dynam-cases, the third one lags noticeably in the SIF case. Also, the
ical importance of a sudden change in the coastline slantings’ radii are greater under NPR conditions (Fig. 10), im-
(i.e., a kink). No-kink model simulations with a moder- plying that the leakage during NPR is larger than during SIF.
ate coastline typical of meant SIF conditions (35240ead  The shed NPR eddies form a chain, mainly in the open ocean.
to a sub-critical shedding regime for> 0.15 but a criti- ~ The results are not altered appreciably for simulations with
cal or super-critical regime for the more realistic values of stronger vorticity and greater upper layer thickness. We note
a < 0.15 (Fig. 5). Therefore, the applicability of this no-kink also that the Concave Il and Concave Il numerical simula-
model to real ocean conditions is poor. Moreover, the curvedions with closely spaced rings require higher viscosity for
for « = 0.1 terminate aty = 35°, implying that the no-kink  stability than that in Concave | simulations (Figs. 6 and 7)
model is invalid in such conditions because according to thisbecause of higher shear.
model, the base eddy cannot grow in the retroflection area. We calculated SIF:NPR (Concave Ill:Concave II) shed-
Hence, we suggest that our Concave | model describes thding-period ratios over a range of initial for comparison
behavior of the Agulhas retroflection better than does the noto the theoretical Concave | results shown in Table 1. For
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Fig. 9. Upper layer thicknesses for the case of a Concave 1l coastline and a modest vorticity current that retroflects nearthekihk (
ho=0,v=1000nfs 1 andB=6x10"11m~1s1). This case is representative of SIF times, when the Agulhas retroflection is shifted

eastward.
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Fig. 10. Upper layer thicknesses for the case of a Concave Il shoreline and a modest vorticity current that retroflects near the western
termination of the slightly slanted coastline£ 0.4, hg=0, v =1000n?s~1, andg =6 x 101 m~1s~1). This case is representative of

NPR times. The strongly slanted section is moved out of the figure. Rings generation occurs more often than in Fig. 9, and the rings’ radii
are larger.

an initial @ of 1.0, we obtained a mean generation period of period have large relative errors (60%). The obtained values
123 days for SIF (with a standard deviation, SD, of 40.2 d)were 120d for SIF (with SD 71.9d) and 145 d for NPR (with
and 93 d for NPR (with SD of 20.5d). The SIF:NPR ratio is SD 75.3d), so the ratio is 0.83 (SD is 0.47). It should be
therefore 1.32 (SD is 0.36), which is greater than the theoretnoted, however, that the variability in the average period was
ical value of 1.06 (Table 1). Far of 0.4, the averaged SIF caused by viscosity rather than by the different initializations
and NPR shedding periods were 118 d (with SD of 43.9d)of «. This is because during numerical runs, the eddies’ PV
and 110d (with SD of 18.1d), respectively. The SIF:NPR was strongly altered by viscosity, so that the averaged values
ratio is then 1.07 (SD is 0.31), which is very close to the of « were about 0.20-0.25 for all the simulations.

theoretical value. In our simulations far of 01, the eddy Averaged eddy radii shown were about 180 km for SIF
very quickly collapsed due to the relatively greater impor- and 220 km for NPR (Figs. 9 and 10), so SIF:NPR ratio is
tance of viscosity, and the estimates of average generatiog.g2, which is somewhat smaller than the theoretical value of
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Mg 10 of no-kink model results with observational data for natural
m values ofax is poor (Fig. 11). In this figure, we plotted the
0.3} dgF:dnpr Versusa for the kink and no-kink (ZNb) mod-
% els, as well as the confidence region for the data from VSa.
2 It is seen that the curve for the kink model almost touches
the confidence area, whereas the no-kink curve goes to zero.
oal (The range ofr where thebg g dnpr iS zero corresponds to
the super-critical case where the leakage is shut down).
2l ; Finally, using a®gr:®npr Of 0.77 (Fig. 11) and keeping
! in mind that the ratio of incoming fluxes for SIF and NPR
is 1.10-1.15 (VSa), we conclude that the ratio of outflows
o 0.2 0.4 0.6 0.8 ¢y LO is about 0.85-0.90, implying that the kinked coastline plays
a defining role in the anti-correlation between the incoming
Fig. 11. Mass transports rati®g|r:®npr computed analytically — Agulhas flux and the outgoing leakage to the South Atlantic.
using the kink model (solid line) and ZNb no-kink model (dashed
line). The no-kink coastline has a slant of 37.the average of 60
(SIF) and 18 (NPR). The hatched rectangle shows the confidence7 Summary and conclusions
area of the observational data from VSa.

0.6f

-
-
-
-
-
.=
-
-
-
-
-

Using both analytical and numerical models, we showed that

0.96 (Table 1). This difference is probably again an effect ofthe South African coastline geometry exerts a fundamental
viscosity because the thickness of large NPR rings (Fig. 10¢ontrol on the production of Agulhas eddies and, therefore,
is not greater than those of the SIF rings (Fig. 9). Thereforethe leakage into the South Atlantic. Namely, the coastal kink
the ratio of the volume fluxes is expected to be comparable t@cts like a valve for the leak. In contrast to what our intuition
our theoretical value of 0.77 (solid curve in Fig. 11). Overall, suggests — that strong flows will be associated with strong
the numerical simulations confirm, at least fairly well, the re- leaks — the analytical model with kink implies that smaller
sults of our theoretical modeling. Also, the mean radii andleaks occur during times of strong incoming flux (SIF).
shedding periods for our numerical SIF eddies are close to We also showed that, for the SIF periods, the kink model
those in animation created by the GFDL Oceans and Climatgives significantly better results than the straight-coast model
group (sedttp://www.gfdl.noaa.gov/oceans-and-climat®  in the sense that the difference between the predicted eddy
rings shed during 995 days, the averaged value of radius igass flux and the observations is 3—4 times smaller. For
about 205 km. NPR, the difference between the concave model and the
We can also compare the ratio of the modeled volumestraight coastline model is insignificant because the angle be-
fluxes® with observational data if we assume that the ratio of tween the two coastal segments in this case is very close to
mass transport carried to the South Atlantic by rings does no8C0°. The main aspect of the kink model is that east of the
differ too greatly from the ratio of the entire Agulhas leakage. kink the coastline slant is too high to allow for production of
According to VSa (their Fig. 1), the average ratio of Agul- rings whereas the slant on the west allows rings production.
has leakage to AC transpoffiy| /Tac) is (19.2/60.5)=0.317  As a result, the production of rings is allowed in a manner
when the retroflection is protruded westward (NPR) andthat is quite different from that implied by the mean slant.
TaL/Tac = (14.2/67)=0.212 when the retroflection is pro- More importantly, the kink locks the position of the retroflec-
truded eastward (SIF). The SIF:NPR (ratio of these ratios)tion to just downstream of the kink.
is 0.67 (confidence range is approximately between 0.61 and To begin with, we considered a (Concave |) coastline con-
0.75), which is somewhat less than our predicted value ofsisting of two straight sections: a south-facing zonal segment
g dnpr=0.77 (Fig. 11). This could be due to greater and an eastern slanted segment (Figs. 2 and 3). We devel-
dissipation occurring during the rings’ longer journey from oped a non-linear analytical model with which we examined
the eastern retroflection area (SIF) to the South Atlantic tharthe dependency of ring formation, radii, and detachment pe-
from the western area (NPR). Note that the ZNb model withriod, on the coastline slant angle, PV of the formed eddies,
y =60 for SIF (andy =15° for NPR) would lead to much  and the thickness of the undisturbed upper layer. In contrast
worse results: the considered ratio would change from abouto the no-kink conclusion of ZNb, there are no critical slant
0.4-0.6 fora =1 to zero fora of less than 0.2 (which is angles in the Concave | case (Figs. 4 and 5). Rather, when
closer to real conditions). Using the model results from Fig. 5the slant of the non-zonal coastal section is close fo ®@
(bottom panels) and taking into account that rings carry usushedding regime is almost critical, i.e., the shedding is weak
ally 30—-45% of the entire leakage (Doglioli et al., 2006; Van but it is not arrested. To access this finding, we carried out
Sebille et al., 2010), we conclude that for the observationsnumerical simulations the results of which are in fair agree-
of VSa, « was between 0.03 and 0.13. Even for an aver-ment with the predictions of our analytical model (Figs. 6
age value of the coastal slant (say= 37.5°), the agreement and 7).
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To bring our calculations still closer to reality, we also con-

1009

Table Al. List of symbols.

ducted numerical simulations of Concave Il and Concave ||
cases, where the coastline geometry more satisfactorily fits AC
the actual geography near the NPR and SIF positions of the
retroflected current (Fig. 2). The Concave Il case is taken to
be representative of NPR times, and the Concave Il case is
taken to be representative of SIF. We see (Figs. 9 and 10) that
the intensity of eddy shedding decreases during SIF relative 4
to NPR. Therefore, the mass flux going into rings notice- d;

l:Cxu

ably weakens during SIF, which is in qualitative agreement d»
with our theoretical results (Fig. 11). Both the theoretical and f
numerical results indicate that when the Agulhas retroflec- f9
tion protrudes eastward, the ratig;r decreases sufficiently &8
strongly (to about 0.7@npR) to explain the observed anti- H
correlation between the incoming flux and the outgoing leak- Z
age to the South Atlantic. Indeed, the observed ratio of in- ﬁo

coming fluxes for SIF and NPR is 1.10-1.15; therefore, the

ratio of outflows is about 0.85-0.90. On the whole, a compar- NpRr
ison of our results with VSa (Fig. 11) suggests that our model py

is consistent with the observed anti-correlation between the @

AC transport and the Agulhas leakage. Using the earlier ZNb ¢
model instead of the new kink model presented here would R

lead to significantly worse results for leakage via eddies be- Ky
cause even the averaged value of the slant near the point ofRfl' Ryu
retroflection becomes super-critical (Fig. 11).

The analytical kink model is successfully applied to the
case of a weak La-Nia (1986-1987): the error in fitting the
observations of mass flux going into eddies is on average 34,
times less than in the no-kink model simulations. However, it L
is possible that, as noted by Van Sebille (2009), the no-kink v
model could be better applied to the strong Ld&levents X,y
like the early Agulhas retroflection observed in 2000-2001
(see also, De Ruijter et al., 2004) when eddies shedding wasZNa
nearly shut down during this period. One possible expla- ZNb
nation for better applicability of the no-kink model is that ¢
during this early retroflection event, the AC was strongly in-
teracting with dipoles in the Mozambique Basin. This could 7
result in an AC detachment in the area where the coastline
slant does not (yet) change significantly. In view of Pichevin
et al. (2009), we expect the no-kink model to be preferable
when the AC detaches from the coast somewhere in betweeny ,
East London and Durban, where the coastline is relatively
straight. We leave these questions, however, for future inves- v

tigations. p
@
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Agulhas Current

eddy migration rate in the zonal direction

eddy migration rate in the meridional direction
zonal eddy migration rate after detachment
values ofCy y for eddies with radiiR ¢/, R 7y,
respectively

distance between consecutive eddies

width of incoming current

width of retroflected current

Coriolis parameter

approximate absolute value gfat the eddy center
reduced gravity

upper layer thickness outside the retroflection area
upper layer thickness

upper layer thickness at the wall

upper layer thickness in the stagnant wedge
between the incoming and retroflected currents
normal position of retroflection

potential vorticity

mass flux of the incoming current

mass flux of the retroflected current

radius of the eddy (a function of time)

radius of the eddy at the moment of detachment
lower and upper boundaries &fy

standard deviation

strong incoming flux

Sverdrup (18m3s-1)

time

period of eddy generation

lower and upper boundaries

Van Sebille et al. (2009b)

zonal and meridional coordinate axes in the
moving system

Zharkov and Nof (2008a)

Zharkov and Nof (2008b)

vorticity coefficient (twice the Rossby number)
meridional gradient of the Coriolis parameter
slant of coastline (i.e., angle of derivation from
zonal) for the no-kink model and slant of the
eastern section of coastline for the kink model
differences between the eddy radius and current
widthsdy, do, respectively

difference between densities of lower

and upper layer

viscosity (in numerics)

upper layer density

ratio of mass flux going into eddies and incoming
mass flux

values of® for eddies with radiiR 77, R 7,
respectively
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