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Abstract 18 

 19 

The dynamics of current retroflection and rings shedding are not yet fully understood. In 20 

this paper, we develop an analytical model of the Agulhas Current retroflection dynamics 21 

using three simple laws: conservation of volume, momentum balance, and Bernoulli’s 22 

principle. We show that, for a retroflecting current with a small Rossby number, this 23 

theoretical model is in good agreement with numerical simulations of a reduced-gravity 24 

isopycnal model. Otherwise, the retoflection position becomes unstable and quickly 25 

propagates upstream, leaving a chain of eddies in its path.  26 

 27 

On the basis of our findings, we hypothesize that the westward protrusion of the Agulhas 28 

retroflection and the local “zonalization” of the Agulhas Current after it passes the 29 

Agulhas Bank are stable only for small Rossby numbers. Otherwise, the retroflection 30 

shifts toward the eastern slope of the Agulhas Bank, where its position stabilizes due to 31 

the slanted configuration of the slope. We show that this scenario is in good agreement 32 

with several high-resolution numerical models.   33 

 34 

 35 

 36 

 37 

 38 
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1. Introduction 39 

 40 

a) General background 41 

 42 

Recent investigations of the role of the Agulhas Current (AC) system in the formation of 43 

the Atlantic meridional overturning circulation (AMOC) and the global climate show that 44 

the Agulhas leakage variability can impact the strength of the AMOC on several time 45 

scales (Weijer et al. 2002; Knorr et al. 2003; Biastoch et al. 2008; Beal et al. 2011). In 46 

turn, the Agulhas leakage itself strongly depends on the position of retroflection (Van 47 

Sebille et al. 2009). 48 

 49 

According to Doglioli et al. (2006) and Van Sebille et al. (2010), 35 45% of the 50 

Agulhas leakage is due to the rings (the remainder is direct leakage and leakage carried 51 

by filaments and cyclonic eddies). Observations indicate that the leakage flux into the 52 

South Atlantic is about 10 15 Sv (see Table 1.1 from Van Sebille 2009; see also 53 

Gordon 1986; Gordon et al. 1987, 1992; Ganachaud and Wunsh 2000; Garzoli and Goni 54 

2000; Boebel et al. 2003; Richardson 2007). Therefore, the outflow via anticyclonic 55 

eddies is about 4 6 Sv.  56 

 57 

Typically, Agulhas rings are shed at a frequency of 5 6 per year. As a rule, the 58 

retroflection protrudes westward before shedding a recurrent eddy and abruptly shifts 59 

eastward after shedding (Lutjeharms and Van Ballegooyen 1988a; Dencausse et al. 60 

2010a). According to Dencausse et al. (2010a), the position of the Agulhas retroflection 61 
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typically moves from 15 17° E during the eddy shedding to 20 22° E just after the 62 

shedding.  63 

 64 

There were also periods of almost six months when no shedding event was observed (e.g., 65 

Gordon et al. 1987; Byrne et al. 1995; Schouten et al. 2000; Lutjeharms 2006; Van Aken 66 

et al. 2003; Dencausse et al. 2010a,b). This increased length of the shedding period may 67 

be associated with a retroflection farther to the east (De Ruijter et al. 2004). Lutjeharms 68 

and Van Ballegooyen (1988b) and Lutjeharms (2006) showed anomalous and more 69 

occasional eastward shifts of the Agulhas retroflection occurring 2 3 times per year with 70 

durations of 3 6 weeks. Also, very irregular, so-called “early (upstream) retroflection” 71 

events were observed in 1986 (Shannon et al. 1990) and 2000 2001 (Quartly and 72 

Srokosz 2002; De Ruijter et al. 2004), when the AC retroflected east of the Agulhas 73 

Plateau. However, these events are uncommon.  74 

 75 

Usually, the AC protrudes westward from the Cape of Good Hope. Such a neck-like 76 

protrusion is connected with the formation of a local “zonalization” of the Agulhas influx 77 

after it passes the Agulhas Bank (AB) between 17.5° E and 20° E, as shown in Fig. 1 78 

[adapted from Beal et al. (2011, Fig. 1) as a fragment], where the zonalization and 79 

retroflection areas are indicated by dashed ellipses. This configuration is the most 80 

favorable for Agulhas ring shedding. Therefore, it is important to know under what 81 

conditions this protrusion is stable, and when the AC is more likely to retroflect directly 82 

after passing the slanted eastern slope of the AB.   83 

 84 

 4 



b) Numerical background 85 

 86 

The Agulhas retroflection dynamics have been studied in realistic numerical models. 87 

According to Biastoch et al. (2009), the retroflection occurs at 17° E during shedding and 88 

23° E (i.e., east from the AB) afterward. Similar scenarios can be seen in the Backenberg 89 

et al. (2009) and Tsugawa and Hasumi (2010) simulations.  90 

 91 

In the 1/12° global HYbrid Coordinate Ocean Model (HYCOM) 92 

(http://www7320.nrlssc.navy.mil/GLBhycom1-12/agulha.html), the usual position of 93 

retroflection is nearly 20 22° E during eddy shedding and 23 25° E after shedding, 94 

which is 4° eastward compared to the Dencausse et al. (2010a) data. The aforementioned 95 

eastward shift is probably due to the models’ inability to reproduce the zonalization of the 96 

Agulhas influx. However, it is not clear which of the simulated parameters are 97 

responsible for this inconsistency between observations and simulations.  98 

 99 

c) Theoretical background 100 

 101 

Widely accepted theoretical models indicate that Agulhas rings are shed primarily 102 

because of inertial and momentum imbalances. Nevertheless, the exact mechanism of 103 

shedding is still under discussion. For example, according to Ou and De Ruijter (1986), 104 

the AC front, moving slowly southwestward, forms a loop soon after separating from the 105 

coast, due to the coastline curvature. The loop occludes and forms a ring, whose shedding 106 
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is accompanied by the instantaneous eastward retreat of the front. This mechanism was 107 

further discussed by Luthejarms and Van Ballegooyen (1988a) and Feron et al. (1992).  108 

 109 

A purely inertial shedding mechanism was proposed by Nof and Pichevin (1996) and 110 

discussed by Pichevin et al. (1999). According to this mechanism, ring shedding from the 111 

retroflection area is necessary to circumvent the so-called “retroflection paradox.” 112 

Specifically, the “rocket force” caused by the westward propagating eddies balances the 113 

nonzero combined zonal momentum flux (or flow force) of incoming and outgoing 114 

currents.  Nof and Pichevin (1996) did not address the formation of the ring in the 115 

retroflection area and focused instead on the detaching phenomenon.    116 

 117 

An alternative idea is that the momentum fluxes of currents are compensated by the 118 

Coriolis force, which is caused by the “ballooning” of the basic eddy (BE; a generic term 119 

to designate the retroflection area), a mechanism suggested by Nof and Pichevin (2001) 120 

for the outflows and elaborated further by Nof (2005) for the case of a -plane.  121 

However, Zharkov and Nof (2008a) pointed out a “vorticity paradox”: in the case of 122 

retroflecting currents, both the momentum and mass conservation equations can only be 123 

satisfied for small Rossby numbers. To circumvent this paradox, the authors considered 124 

the incoming current retroflecting from a coastline with a slant greater than a threshold 125 

value of  ~15°. Zharkov and Nof (2008b) and Zharkov et al. (2010) elaborated on the 126 

effect of coastal geometry on ring shedding for 1.5-layer models with slanted and 127 

“kinked” coastlines and showed that, in the case of a rectilinear coast, there is a critical 128 

 6 



slant above which there is almost no shedding. These results are in agreement with the 129 

numerical runs in Pichevin et al. (2009).  130 

 131 

Nevertheless, recent theoretical models still have shortcomings. The basic equations are 132 

(i) the mass conservation, (ii) the momentum balance, and (iii) the Bernoulli’s principle. 133 

It is assumed that these three equations can be satisfied together when (i) the BE radius is 134 

much larger than the widths of upstream/downstream flows and significantly grows, and 135 

(ii) the potential vorticity (PV) of the BE is constant. In fact, when the near-linear 136 

dynamics of approximately geostrophic incoming/outgoing currents are transformed into 137 

the dynamics of a radially symmetric BE of constant PV, the Bernoulli integral cannot be 138 

conserved, because an additional portion of energy is required to raise the BE’s nonlinear 139 

advection. As a consequence, there are a number of contradictions in the previous 140 

analytical models. Two of these contradictions are reported in Appendix A.   141 

 142 

d) Present approach 143 

 144 

To address these contradictions, we develop a new model of current retroflection and 145 

eddy shedding. Contrary to previous models of retroflection, in which the vorticity of the 146 

BE, as well as the vorticity of the incoming and outgoing currents, were treated as 147 

constants, we allow the vorticity to vary. By doing so, we aim to overcome the 148 

aforementioned paradoxes.   149 

 150 
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The main goal of this study is to use this model to understand why the AC retroflection 151 

protrudes westward from the AB. We also want to clarify the relation of this westward 152 

protrusion to the ring shedding event and establish a simple criterion for the stability of 153 

each configuration of the AC.  154 

 155 

The paper is organized as follows. In Section 2, we introduce the governing equations for 156 

the BE development and derive an analytical model of a zonal retroflecting current. We 157 

also discuss the reasonable intervals for the initial value of the current’s Rossby number. 158 

In Section 3, we compare this theoretical model with a numerical model for several 159 

values of the Rossby number. On the basis of this investigation, we propose a criterion 160 

for the stability of the westward-protruding configuration of the AC being dependent on 161 

its relative vorticity. In Section 4, we confirm this hypothesis using data from eddy-162 

resolving numerical models. Lastly, we summarize and discuss our results in Section 5. 163 

 164 

2. Theoretical model   165 

 166 

In this section, we derive an analytical model of AC retroflection. We first describe the 167 

incoming and outgoing currents, then the BE. All these elements are then connected 168 

using three equations expressing Bernoulli’s principle, the momentum balance, and the 169 

conservation of volume. We allow the main variables of the model to vary in time and 170 

attempt to describe their temporal evolution. Finally, we consider the stability of this 171 

system and establish a criterion for eddy shedding. 172 

 173 
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a) Description of the currents 174 

 175 

Consider the situation depicted in Fig. 2: a boundary current flows along a zonal coast (in 176 

the Southern Hemisphere) and retroflects at some point. To describe this system, we 177 

consider the Cartesian coordinate system , where marks the limit between the 178 

incoming and outgoing currents, and is placed at the center of the BE at  (a 179 

stagnation point of the retroflection). 180 

 181 

The incoming and outgoing currents of density  flow above an infinitely deep, stagnant 182 

layer, whose density is  (1.5-layer shallow-water approximation). To avoid the 183 

“thickness paradox” (see Appendix A1), we assume that the thickness  of the upper 184 

(active) layer vanishes outside the currents, i.e., at , where  denotes the 185 

widths of both currents. We impose a linear shear profile such that the velocity in these 186 

currents is given by 187 

                                                                                                                       (1) 188 

with the Rossby number of the currents and , the linear approximation of the 189 

Coriolis parameter. The full Coriolis parameter is (in the usual -plane 190 

approximation). The variation of over a distance is evaluated using a parameter 191 

                                                                                                                             (2) 192 

For a current of width km, and with s and 193 

m s , we have . Henceforth, we use this small parameter 194 

when we perform a Taylor expansion of a variable.  195 
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 196 

Away from the retroflection point, the meridional velocities in the currents vanish, so the 197 

momentum equation in meridional direction is 198 

                                                                                                                      (3) 199 

with the reduced gravity. From Eqs. (1) – (3), one obtains  200 

                                                                                                                (4) 201 

At the leading order in , integration of Eq. (4) with respect to returns 202 

                                                                                                       (5)  203 

where is the upper-layer thickness at . We adjust such that vanishes at 204 

,  205 

                                                                                                                     (6) 206 

We can also introduce the deformation radius of the current 207 

,                                                                                                                      (7) 208 

so that Eq. (6) can be rewritten 209 

                                                                                                                       (8) 210 

We then calculate the incoming and outgoing volume fluxes and  according to 211 

   and                                                                                         (9) 212 

At the leading order, using Eqs. (1), (6), and (8), we obtain 213 

 10 



                                                                                                                 (10) 214 

Thus, the incoming flux scales with . For typical parameters of the AC ( Sv,  215 

 s and m s ), we obtain km.  216 

 217 

As we see from Eq. (10), the net volume transport is nonzero only at the next 218 

order of [i.e., scales like ] and, therefore, is only due to . Here we should note 219 

that is a function of . It follows from Eqs. (2) and (8) that 220 

                                                                                                                       (11) 221 

where  222 

                                                                                                                          (12) 223 

is a constant small parameter and, for the AC conditions,  224 

 225 

The computation of is given in Appendix B. Finally, we obtain 226 

                                                                                          (13) 227 

Equation (13) implies that the leakage of a retroflecting current is small compared to the 228 

incoming flux. This affirmation is verified hereafter. For the AC parameters, 229 

Sv.                                                                                                                  (14) 230 

 231 

Note that we used the -order approximation only for calculation of . The use of the 232 
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leading-order approximation for the order parameters is verified by comparing out model 233 

outputs with numerical calculations (see Sec. 3). In particular, keeping as a fixed 234 

parameter in our further analysis, we can consider  to be constant as well. 235 

 236 

b) Description of the BE 237 

 238 

In the retroflection area, the incoming and outgoing currents are connected through the 239 

BE. At the leading order of approximation, we assume that its shape is circular, so that its 240 

dynamics can be described in a polar coordinate system bound with the movement 241 

of the BE’s center. Following Nof and Pichevin (2001), we express the BE’s orbital 242 

velocity as  243 

                                                                                                                       (15) 244 

with twice the Rossby number (we note here that characterizes a zero PV eddy). 245 

The BE radial symmetry condition is 246 

                                                                                                            (16) 247 

which corresponds to the momentum equation for the azimuthal velocity in the new 248 

coordinate system. We can compute the eddy thickness profile by integrating Eq. (16) 249 

using Eq. (15) and the boundary condition (since vanishes at the BE’s 250 

rim): 251 

                                                                                         (17) 252 

The eddy volume is  253 
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                                                                         (18) 254 

 255 

c) System of equations  256 

 257 

At this stage, there are three unknowns that may vary in time: , , and . The first 258 

two, being analogs of the Rossby numbers for BE and currents respectively, express the 259 

variation of vorticity (see Sec. 1d); describes the development of BE before its 260 

detachment from the retroflection area. The variable can be obtained from Eq. (8), and 261 

we have Eq. (11) for . The other parameters are kept constant. Therefore, we need three 262 

more equations to close the system. These equations express the connection between the 263 

BE and the incoming/outgoing currents and are derived from three basic principles we 264 

describe in the next paragraphs: Bernoulli’s principle, the momentum balance, and the 265 

conservation of volume.  266 

 267 

1) Bernoulli’s principle 268 

 269 

This principle states that, for a steady state, the value of  270 

                                                                                                                   (19) 271 

is constant along a streamline. Thus, if we choose the free streamline bounding the 272 

currents and the BE at , we obtain 273 

                                                                                                 (20) 274 
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Substitution of Eqs. (1) and (15) in Eq. (20) yields 275 

                                                                                                                     (21) 276 

Using Eq. (8), we can rewrite this equation as  277 

                                                                                                                (22) 278 

According to Eq. (22), there are two unknowns left: and . The time rate of the BE 279 

evolution is: 280 

                                                                                  (23) 281 

 282 

2) Momentum balance equation 283 

 284 

The derivation of an equation expressing the balance between the momentums of joint 285 

incoming/outgoing currents and the Coriolis force of growing BE is given in Appendix C 286 

(see also Nof and Pichevin 2001). Finally, we have 287 

                                                                                                       (24) 288 

where is the BE’s center propagation speed in the meridional direction. Henceforth, 289 

we assume that . At the leading-order approximation, the calculation of the 290 

integral in Eq. (24) using Eqs. (1) and (5) and substitution of Eq. (18) for yield 291 

                                                                                                    (25) 292 

Equating Eqs. (23) and (25), we obtain 293 
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                                                                                    (26) 294 

The physical interpretation of Eq. (26) is that the momentums of incoming and outgoing 295 

fluxes are balanced by the Coriolis force, owing to the off-wall movement of the BE 296 

center due to the growth of its radius.  297 

 298 

3) Conservation of volume 299 

 300 

The last equation that we use to close the system is the conservation of volume: 301 

                                                                                                                           (27) 302 

The expression for the left-hand side, , is derived from Eq. (18): 303 

                                                              (28) 304 

 305 

After substituting Eq. (13) to the left-hand side of Eq. (27), and Eqs. (22) and (25) to the 306 

right-hand side, we obtain  307 

                                                                                      (29) 308 

 309 

Interpreting Eq. (29) physically, we expect to be negative because the volume 310 

transport going to the BE growth is small, so that the strong growth of should be, for 311 

the most part, compensated for by the decrease in and, therefore, in the BE thickness 312 

(see Eq. 17). Hence, “spreading” of the BE is the dominating process compared to its 313 

 15 



volume increase – this is a principal difference of our model from preceding ones. Also, 314 

we show in the next paragraph that, despite the smallness of , its account in Eq. (29) is 315 

essential.  316 

 317 

Now, Eqs. (26) and (29) [with substitution of Eq. (11) for ] form a system of two 318 

ordinary differential equations (ODEs) that can be solved numerically. To do so, we need 319 

to specify the initial value for the Rossby number of the incoming flux: 320 

                                                                                                               (30) 321 

where stands for “initial condition.” We also assume that , so the 322 

second initial condition is  323 

                                                                                                              (31) 324 

which is a direct consequence of Eq. (21). Also, according to Eq. (11),  325 

                                                                                                    (32) 326 

The range of validity of is discussed in the next paragraph. 327 

 328 

d) Stability of the system 329 

 330 

We just derived a system of equations describing the evolution of a retroflecting current 331 

and the BE. Let us recall the hypothesis made to obtain the final set of equations.  332 

 333 

The transport is accurate if the value of is small, i.e., the variation of the Coriolis 334 

parameter is small compared to its average value . This condition limits the width 335 

 16 



of the incoming current to km so that remains smaller than 0.1.  336 

 337 

The model is also valid under the assumption of a small Rossby number for the 338 

incoming current. To be more precise on the limit of validity of the model, we introduce 339 

the non-dimensional function 340 

                                                                                                                (33) 341 

which corresponds to the ratio of the time rates of and change. For our convenience, 342 

we also introduce . The situation where  corresponds to the case where 343 

the BE expands slower than the width of the currents, a situation that is physically 344 

unacceptable. Henceforth, we refer to  as the reasonable interval and  as the 345 

unreasonable interval. To obtain an analytical value of , we expand the solutions , 346 

, and in Taylor series around . After some algebra introduced in 347 

Appendix D, we obtain 348 

                                                                                              (34) 349 

 350 

It is seen from Eq. (34) that, if  (or ), is more than 3 for any value of , 351 

tending to infinity at . Physically, this means that the widths of incoming and 352 

outgoing flows increase faster than the radius of the BE. Reasonable values of should 353 

be chosen such that . From Eq. (34), we conclude that should be less than , 354 

which is the root of 355 

                                                                                                     (35) 356 
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For small values of , we obtain the condition 357 

                                                                                                                        (36) 358 

This equation is an important condition that defines the limit of validity of the model, and 359 

we make use of it henceforth. Using Eqs. (36) and (32), we obtain an estimation for the 360 

upper bound of reasonable values of : 361 

                                                                                                                  (37) 362 

 363 

In Sec. 3, we compare the solutions of the system of Eqs. (26) and (29) with numerical 364 

simulations. The goal is to investigate (i) whether  is indeed a reasonable 365 

condition, (ii) what happens in simulations of our models and numerics when is inside 366 

and/or outside this interval, and (iii) whether or not we can extend this interval. 367 

 368 

e) Eddy shedding criteria 369 

 370 

We finish our theoretical analysis with some considerations on the conditions of the BE 371 

detachment from the retroflecting current.  372 

 373 

1) First criterion 374 

 375 

To be shed, the ring should be large enough to escape the front propagating behind it. 376 

Calculating the average front speed 377 
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                                                                                                                  (38) 378 

we obtain 379 

                                                                                                                   (39) 380 

Moreover, according to Nof (1981), Zharkov and Nof (2008b), the propagation speed for 381 

the open ocean lenses is 382 

                                                                                                                  (40) 383 

Using Eq. (22) for the value of and equating (Eq. 39) with (Eq. 40), we obtain 384 

the condition of the eddy detachment 385 

                                                                                                                         (41) 386 

 387 

Remember that, initially, , and, according to our simulations (described in Sec. 388 

3), both and decrease with time. However, for Eq. (41) to be satisfied at some 389 

moment of time,  should decrease faster. As we show in Appendix D, this occurs in a 390 

reasonable interval of  (when ). 391 

 392 

2) Second criterion 393 

 394 

An alternative choice would be equating the currents’ frontal velocity with the eddy rear 395 

front velocity. As seen in Fig. 3, the zonal propagation speed of the BE’s rear front 396 
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changes from for to  for , where is the angle in the polar 397 

coordinate system. The average BE rear front speed is  398 

                                                                    (42) 399 

 400 

Equating (Eq. 42) with (Eq. 39) and using Eq. (40) for and Eq. (21) for 401 

(see Sec. 2c2), we obtain 402 

                                                                                             (43) 403 

Since both and are less than one and we consider the case where decreases faster 404 

than , the right-hand side of Eq. (43) is expected to decrease quickly and become less 405 

than one, while the left-hand side grows and becomes positive and of order one. 406 

Therefore, we expect Eq. (43) to be satisfied at some time (the second criterion 407 

thereafter). 408 

 409 

We end the development of the theoretical model here. In the following section, we 410 

proceed to time integrations and compare them to a 1.5-layer shallow-water model. 411 

 412 

3. Numerical simulations  413 

 414 

In this section, we compare the theoretical model developed in the previous section with 415 

several numerical simulations. We use a modified version of the Bleck and Boudra 416 

(1986) reduced-gravity isopycnal model with a passive lower layer and the Orlanski 417 
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(1976) second-order radiation conditions for the open boundary. 418 

 419 

a) Model setup 420 

 421 

The parameters are m s ,  s , and  Sv. The other 422 

parameters are listed in Tab. 1. We either use a regular value for (  m s ) 423 

or a magnified value for (  m s ). The initial condition is taken between 424 

0.04 and 0.25. The size of the domain is adjusted so that the boundary current remains 425 

away from the influence of the boundary of the domain.  426 

 427 

The northeastern section of the domain is filled by land, and the position of the corner of 428 

the coastline is given in Tab. 1. We use the free-slip boundary condition at the “coastal” 429 

walls. 430 

 431 

The spatial resolution is km; the time step is 30 s. We use a Laplacian 432 

viscosity coefficient m s (the minimal value for the stability of long-time 433 

simulations). Such a choice of parameters is adequate because the diffusion speed 434 

( ) is 0.1 m s , which is small compared to the rings’ orbital speed (or the order 1 435 

m s ). Our simulations are significantly nonlinear since, according to Dijkstra and De 436 

Ruijter (2001a,b), viscous effects become dominant when m s (for their 437 

forced model of Agulhas retroflection). This conclusion is also in agreement with Boudra 438 

and Chassignet (1988). 439 

 440 
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All the simulations are run for more than 700 days and initialized with a fully 441 

retroflecting current at . We use an open channel configuration with both the 442 

incoming current (adjacent to the zonal wall) and the outflow having streamlines parallel 443 

to the zonal wall. The initial cross-channel velocity profile is linear, and the thickness 444 

profile is parabolic. The inflow and outflow are connected by circular streamlines. The  445 

“center” of retroflection is initialized at km ( km for Exp. 1).  446 

 447 

b) Snapshots of the numerical simulations 448 

 449 

In Figs. 4-7, we plot the snapshots of the four experiments listed in Tab. 1. The time 450 

intervals between these snapshots are 150, 50, 50, and 10 days, respectively. We adjust 451 

these intervals according to the eddy shedding periods in each experiment (several 452 

hundred days for , 170-180 days for , and 30-35 days for ).  453 

The figures show the upper-layer contours through 100 meter increments. Some contours 454 

are marked in meters. The scales on the coordinate axes are in kilometers.  455 

 456 

In all these experiments, at least one eddy forms and detaches from the current. We note 457 

that the position and the propagation speed of detached eddies do not change significantly 458 

as we move the meridional wall relative to the retroflection, even in the case when the 459 

retroflection is strongly protruding into the “open ocean”.  460 

 461 

c) Comparison with the analytical model 462 

 463 
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Figures 8-11 show the comparison of results of our theoretical model with the outputs of 464 

corresponding numerical model for the four experiments (see Tab. 1).  465 

 466 

The curves of and (solid lines in panels a) are obtained by integrating the system of 467 

Eqs. (26), (29), and (11) using a 4th order Runge-Kutta method. They can be directly 468 

compared to the curves of and obtained in the numerical model and fitted by 5-469 

degree polynomials (dashed lines in panels a). In the latter case, these values are obtained 470 

by dividing averaged values of the vorticity by the Coriolis parameter. 471 

 472 

Similarly, we plot with solid lines (theoretical model) and dashed lines (numerical model) 473 

and in panels b; , , and  in panels c; and and in panels d. We 474 

restrict the comparison to a time interval defined by the instant where the first eddy 475 

detaches from the current. Indeed, after this event, the system theoretically returns to its 476 

initial condition (which is not the case for the system of ODEs that has to be manually 477 

reset). After the eddy shedding, the new initial value of  (for the development of the 478 

next eddy) is not quite clear in numerics since, owing to viscosity, the process of 479 

shedding is shadowed. To define the eddy detachment periods, instead of solving Eqs. 480 

(41) and (43), we consider the intersection of and (panels c) and and 481 

(panels d). 482 

 483 

In Fig. 8, we compare the two models for the configuration of Exp. 1 ( ). We 484 

find an excellent agreement in both and  (panel a), and and  (panel c). The 485 

 23 



theoretical plot of (panel b) looks like “time-averaged” numerical data, so the 486 

agreement is adequate as well: the value of the radius in the theoretical model is 487 

overestimated (10%) compared to the numerical model. In panel b, we see that grows 488 

from 300 km initially to 550 km after 1000 days, whereas is almost constant. This 489 

behavior coincides with (see Sec. 2d), which is in the interval of validity of our 490 

model. The lower panels show that the period of detachment should by about 210 260 491 

days, according to the first criterion, and 320 250 days, according to the second 492 

criterion. The numerical simulation suggests a higher value of 800 days (probably 493 

associated with the viscous “jamming” of the first eddy in the numerical simulation).  494 

 495 

In Fig. 9, we compare the results of Exp. 2 ( ). The variations of are well 496 

captured by the theoretical model, whereas  is underestimated (panel a). From panel b, 497 

we see grows faster than (i.e., ), which means we might be outside the validity 498 

range of our model. Also, the agreement between the theoretical and experimental curves 499 

in panels c and d is worse than for Exp. 1 (Fig. 8).  500 

 501 

In order to remain in the validity range, we used a magnified value of (Exp. 3). The 502 

results of this experiment are plotted in Fig. 10. In this case, we have a fairly good 503 

agreement for both and . In panel b, we see that the growth rate of and is 504 

comparable during the first 50 days ( ). In other words,  exceeds but not 505 

significantly. After 50 days, keeps growing while remains stable ( ). According 506 

to this behavior, we define a ‘transient’ interval where 507 

                                                                                                                        (44) 508 
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 509 

Unfortunately, the values of (panel c) and (panel d) in the theoretical model are 510 

significantly larger than in the numerics, probably because of the viscous effects. In this 511 

case, the theoretical curves of and (Fig. 10c) and and (Fig. 10d) do 512 

intersect, showing the values of the detachment period according to our first and second 513 

criteria. The numerical curves rather touch each other, probably because of the fitting 514 

errors.  515 

 516 

The results of Exp. 4 ( ) are plotted in Fig. 11. While the tendency for is 517 

correctly captured by the theoretical model, is strongly underestimated (Fig. 11a). The 518 

values of current width increase much faster than values of the BE radius (see 519 

orange and blue solid lines in Fig. 11b), at least at the initial stage of the BE 520 

development, corresponding to . The theoretical curves of and (Fig. 11c) 521 

and and (Fig. 11d) do not intersect, implying that the shedding criteria (Eqs. 41 522 

and 43) are not met. This is not in agreement with Fig. 7, where we see at least two 523 

eddies shedding in 60 days. The experimental curves do intersect and predict the 524 

detachment period of about 16 days by both criteria, but the agreement between 525 

theoretical and experimental curves is very poor.  526 

 527 

d) Physical interpretation 528 

 529 

On the basis of our comparisons, we suggest that, without loss of generality, the 530 

agreement of our theoretical model with numerics can be characterized by the values of 531 
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instead of . This agreement is strong for (“reasonable” interval), moderate 532 

for (“transient interval”), and weak for (“unreasonable” interval). For 533 

convenience, we introduce  as a value of at which . Figure 12 shows the 534 

plots of versus  for vanishing (i.e., -plane) and regular and magnified . The 535 

Roman numerals I, II, and III denote reasonable, transient, and unreasonable intervals, 536 

respectively. Based on Fig. 12, we conclude that (Exp. 1) is exactly at the 537 

border between reasonable and transient intervals for regular . The value of 538 

(Exp. 2 and 3) falls into the “transient” interval only for magnified and in the 539 

unreasonable interval for regular value of . The higher value of (Exp. 4) is in the 540 

unreasonable interval. 541 

 542 

We suggest that, when is in the unreasonable interval, large values of indicate that 543 

the Coriolis force momentum of a single shed eddy is still insufficient to balance the 544 

momentums of incoming and outgoing fluxes. Therefore, shedding of several rings 545 

during the period defined by Eq. (41) (first criterion) or Eq. (43) (second criterion) is 546 

required to resolve the retroflection paradox. Indeed, as we can see from numerics for 547 

Exp. 2 and 4 (Figs. 5 and 7), the retroflection does not stay at the same location after 548 

shedding the first eddy. Rather, it propagates upstream, forming a chain of eddies on its 549 

path. The larger the theoretical value of , the faster is this upstream propagation of the 550 

retroflection. So, the retroflection of a zonal current under these conditions looks 551 

unsteady. We assume that the retroflection of the jet flowing along a slanted coast is more 552 

stable because, in this case, smaller current momentums need to be balanced by the BE 553 

Coriolis force momentum. In addition, eddies (with finite radii) can “fill” only a very 554 
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limited area between incoming and outgoing currents. Conversely, when is in the 555 

“reasonable” interval, the shedding of each recurrent eddy occurs approximately at the 556 

same position, and the shed eddies propagate westward (see Fig. 4). So, the “reasonable” 557 

and “unreasonable” intervals of can be reclassified “stable” and “unstable,” 558 

respectively.  559 

 560 

Our main hypothesis is that unsteadiness of zonal current retroflection with insufficiently 561 

small relative vorticity could cause the Agulhas retroflection to shift eastward from the 562 

open South Atlantic basin to some location east of the AB, where the incoming current 563 

flows along the slanted continental shelf. 564 

 565 

4. Comparison with more realistic numerical models 566 

 567 

In this last section, we apply the results obtained in the previous sections to the 568 

interpretation of the realistic numerical model simulations.  569 

 570 

We first consider the study by Van Sebille et al. (2009). The authors show that the 571 

Agulhas leakage is a function of the latitude of the retroflection point (see their Fig. 9). 572 

This figure is redrawn here as Fig. 13, upper panel. It shows the Agulhas leakage 573 

transport versus the position of the Agulhas retroflection. Van Sebille et al. (2009) 574 

highlighted a significant correlation between these two variables.  575 

 576 

Assuming that approximately 40% of Agulhas leakage is carried by rings (Doglioli et al. 577 
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2007; Van Sebille et al. 2010), we multiply the values of  by 0.4 to obtain 578 

approximate values of and then calculate using Eq. (14). The results are 579 

shown in Fig. 13, lower panel. Here, as in Fig. 12, the Roman numerals I, II, and III 580 

denote stable, transient, and unstable intervals, respectively, for the regular value of . 581 

The borders between intervals are the dash-and-dot lines, where and . 582 

The blue diamonds correspond to the red circles on the upper panel (data from Van 583 

Sebille et al. 2009), and the red line corresponds to the linear regression. If the regime is 584 

nearly stable ( ), the value of does not significantly change with time, as seen 585 

in Fig. 8. Therefore, we can compare the theoretical values of and directly with 586 

obtained values of . Most of the experiments with the retroflection location to the west 587 

of the Cape of Good Hope (~18° E) are concentrated in the stable interval (I); the 588 

regression line shows that characteristic values of the Rossby number are in the stable 589 

interval when the location is west of 16° E and in the unstable interval when the location 590 

is east of 19° E, which is close to the AB. This confirms our hypothesis: the retroflection 591 

is likely to shift toward a slanted coast when the Rossby number gets into the unstable 592 

interval. 593 

 594 

Last, we consider the 1/12° global HYCOM simulation 595 

(http://www7320.nrlssc.navy.mil/GLBhycom1-12/agulha.html). As could be inferred 596 

from the animation, the typical period of the Agulhas BE rotation is about four days. 597 

Therefore, the characteristic value of is , so that is not 598 

less than 0.1, which is larger than values of and . Hence, according to our 599 
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hypothesis, the zonal flow configuration for the retroflection is unstable, which is in 600 

agreement with the fact that, in simulations, the current retroflects directly from the 601 

slanted eastern slope of the AB.   602 

 603 

5. Conclusions and discussion 604 

 605 

a) Summary 606 

 607 

In this paper, we have presented a new model of a zonal current retroflection and eddy 608 

shedding. In contrast to the preceding models of retroflecting currents, this one satisfies, 609 

i) the mass conservation equation, ii) the momentum balance equation (i.e., to resolve the 610 

“retroflection paradox”), and iii) the time-dependent altered Bernoulli’s principle (i.e., the 611 

continuity of velocity along the free streamline bounding the currents and the 612 

retroflection area). Our main assumption is that the net mass flux going into the eddies is 613 

only due to -effect, circumventing the “thickness paradox” by avoiding the 614 

discontinuity of the upper-layer thickness between the rim of the retroflection area (BE in 615 

the text) and the incoming current at the zonal coastline – see Appendix A. In this case, 616 

the increase in the BE volume is very weak, so the momentum of the Coriolis force due 617 

to the BE growth cannot compensate for the net momentums of incoming and retroflected 618 

currents. However, the vorticity variation spreads the BE even without a significant 619 

volume increase, so that BE’s center moves off the wall much faster than it does with a 620 

constant PV (i.e., owing only to the BE volume growth), which is enough to balance the 621 

current momentums.  622 
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 623 

As shown, the system of aforementioned equations yields reasonable solutions for small 624 

values of the Rossby number (defined in the text as “stable interval”). In this case, we 625 

obtained good agreement between our theoretical solutions and numerical simulations 626 

(Figs. 8 and 10). Otherwise, the Rossby number is in the “unstable interval.” In the 627 

theoretical model, this “unstable interval” is characterized by an unphysical increase of 628 

the width of the incoming and outgoing currents. In this case, the agreement between our 629 

model and numerics significantly deteriorates (Figs. 9 and 11). In numerics, we observe a 630 

strong eastward shift of the retroflection and the formation of a chain of eddies in its path 631 

(Figs. 5 and 7). Based on these findings, we hypothesize that the retroflection of a zonal 632 

current becomes unstable for larger Rossby numbers and, therefore, the retroflection 633 

point is expected to shift toward the slanted coast (in the case of the AC, the eastern slope 634 

of the AB).   635 

 636 

This hypothesis is in agreement with the data of Van Sebille et al. (2009). Using their 637 

data and Eq. (14), we show that the Rossby number most likely gets to the “stable” 638 

interval when the Agulhas retroflection is located west of the Cape of Good Hope and to 639 

the “unstable” interval when it is located near and east of the AB. It is possible that some 640 

eddy-resolving models do not simulate the local “zonalization” of the Agulhas incoming 641 

flux after it passes the AB (which, in turn, can lead to underestimation of the leakage into 642 

the Atlantic), because the Rossby number is overestimated numerically, possibly because 643 

of an underestimation of mesoscale processes or a low viscosity value. The viscous 644 

friction is probably the main cause of the vorticity variation – we leave this mechanism as 645 
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a subject for future investigations.     646 

 647 

b) Another physical interpretation  648 

 649 

Our analysis of the AC uses the Rossby number as the main variable. However, one can 650 

also describe the stability of the current using dimensional variables, namely the width of 651 

the currents and the deformation radius . In fact, Eq. (34) can be rewritten with 652 

dimensional parameters in the form  653 

                                                                                      (45) 654 

A plot of  as a function of and  with  s and 655 

m s is shown in Fig. 14. The gray area corresponds to the unstable 656 

domain. We hypothesize that for these values of and , the AC must retreat in a 657 

region where the coast is slanted. The white area is the stable region. For the 658 

corresponding values of and , the AC can shed an eddy and remain in the zonal area. 659 

 660 

The limit of stability (at leading order of approximation) can be reformulated with 661 

dimensional parameters: 662 

                                                                                                                    (46) 663 

or, in view of Eq. (10), 664 

                                                                                                              (47) 665 
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 666 

Using Fig. 14, we give a new interpretation of the position of the AC in realistic models: 667 

we anticipate that a wider AC can help stabilize the current and give it the opportunity to 668 

elongate in the zonalization region. This widening of the current can be achieved by 669 

increasing the viscosity coefficient. Another way to explain the bad behavior of the AC in 670 

HYCOM is an inaccurate value of the stratification and hence a wrong deformation 671 

radius. According to Fig. 14, a lower value deformation radius would help stabilize the 672 

AC.   673 

 674 

c) Model applicability 675 

 676 

This model can only be applied to the dynamics of AC retroflection. Other retroflecting 677 

currents, such as the Brazil Current, the North Brazil Current, and the East Australian 678 

Current, have no zonalization because they retroflect directly from slanted coasts. Also, 679 

our present approach is not valid for meddies (Pichevin and Nof 1996) because, in that 680 

situation, the incoming and outgoing flows are separated by a wall, and the upstream 681 

retreat of the retroflection area is impossible.  682 

 683 

The foremost shortcoming of the present model is that, for a reasonable Rossby number 684 

(getting into a stable interval), eddies are unrealistic (with radii about 300 km and more) 685 

and the period of shedding is extremely long (one or even several years). For a higher 686 

value of , we obtain an eddy detachment period of about 100 days, which is acceptable. 687 

The simulation with magnified rather than regular  seems closer to reality, because 688 
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viscous damping compensates for the artificial acceleration. Concerning the large radii, 689 

observed radii are usually measured as distances between the center and point(s) of 690 

maximum radial velocity. The modeled linear distribution of radial velocity in eddies is 691 

idealized and, naturally, the velocity profile is smoothed at the eddy’s periphery, which 692 

leads to underestimation of the eddy radius.   693 

 694 

Finally, our theory is developed only for lenses. Applying this theory to a finite-thickness 695 

upper layer is difficult in that, if the thickness is significant, increased eddy volume due 696 

to radial growth cannot be compensated for by the decrease in vorticity (and eddy 697 

thickness). This, in addition to the viscous effect, can cause the gradual collapse of the 698 

initialized 1.5-layer structure in numerical simulations.   699 

 700 
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Appendix A. Contradictions in previous models of retroflecting currents 712 

 713 

In this appendix, we describe two paradoxes (or inconsistencies) that were encountered in 714 

previous models of retroflections.  715 

 716 

A1) “Thickness paradox” on an -plane 717 

 718 

Equation (27) suggests that for a growing BE. However, since we assume both 719 

incoming and outgoing fluxes are approximately in geostrophic balance (on an -plane), 720 

we have 721 

                                                                                                                     (A1) 722 

inside both. Therefore, by definition of incoming and outgoing fluxes,  723 

                                                                (A2) 724 

and, to allow the eddy growth, we should have . According to Bernoulli’s 725 

principle, the thickness at the eddy rim is equal to , implying that, at the point where 726 

the eddy rim detaches from the wall, a jump in the thickness occurs (or, at least, the zonal 727 

gradients of both thickness and velocity are unnaturally large, which, in turn, leads to 728 

strong distortion of the BE structure). This is a common case for all the preceding models 729 

of retroflection. We call this the “thickness paradox.” To resolve it, we suggest 730 

considering the retroflection on a -plane instead of  an -plane, and assuming that the 731 

net flux is only due to . 732 
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  733 

 A2) Slowly varying problem statement 734 

 735 

According to the mass conservation and momentum balance principles, the BE develops 736 

by analogy with the ballooning outflow bulge. The BE’s volume increases linearly with 737 

time, and its radius growth is (Nof and Pichevin 2001, Eq. 3.7). Under the 738 

assumption of constant vorticity, the BE orbital velocity growth is , too. Because 739 

the kinetic energy of the BE is proportional to  (where is the BE volume), its 740 

growth is , implying that the energy flux from the current into the BE is not 741 

constant but essentially nonlinear in time. This conclusion contradicts the energetic sense 742 

of Bernoulli’s principle in terms of the slowly varying problem statement. 743 

 744 

Appendix B. Evaluation of the transport  745 

 746 

In this appendix, we explain how we obtained Eq. (13). 747 

 748 

We integrate Eq. (4), retaining the first order term in : 749 

                                                                                                        (B1) 750 
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with . Now, we search such that (again, at the first 751 

order approximation in ): 752 

                                                                      (B2) 753 

which results in . It is easy to verify that at the first order as 754 

well. The transport is then given by 755 

                                                                                                           (B3) 756 

Using Eqs. (1) and (B1), and keeping only the terms in , we obtain 757 

                                                                                                      (B4) 758 

Substitution of Eq. (8) yields 759 

                                                                                                               (B5) 760 

which is Eq. (13) with substitution of Eq. (10) for . 761 

 762 

Appendix C. Derivation of the momentum balance equation 763 

 764 

Taking into account the continuity equation, we write the momentum equation in the 765 

along-coast direction in the moving coordinate system as 766 

 
                               (C1)

 
767 

Here, and are the velocities;  (both negative) are the BE’s center propagation 768 

speed projections on the axes of the fixed coordinate system. We do not consider the 769 
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equation in the cross-coast direction, because it involves an unknown force on the wall.  770 

 771 

After integrating Eq. (C1) over the rectangular contour ABCDEA (Fig. 2) and using 772 

Stokes’ theorem, we get 773 

       (C2) 774 

where is the streamfunction, defined by , and is the area 775 

enclosed by the integration contour.  776 

 777 

We use the slowly varying approximation, introducing the “fast” time scale  778 

(associated mostly with the BE rotation) and the “slow” time scale . The ratio of 779 

the time scales is (see Eq. 12). Nof and Pichevin (1996, 2001) showed that, in similar 780 

problems, the terms with time derivatives in the momentum equations are negligible. 781 

Moreover, the second term in the left-hand side of Eq. (C2) is zero, because at least one 782 

of the multipliers , , or vanishes at each segment of the contour . The main 783 

contribution to the third term in the left-hand side of Eq. (C2) comes from the segment 784 

AB (i.e., cross-sections of both incoming and outgoing flows). Because both currents are 785 

approximately geostrophic (but not exactly geostrophic, see Van Leeuwen and De Ruijter 786 

2009; Nof et al. 2012), is approximately , which is 787 

(see Eq. 2) and negligible compared to 788 

. Finally, in the last term of the left-hand side of Eq. (C2), we can 789 
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neglect the change of the Coriolis parameter at the scale of the area , assuming 790 

. Also, with error , we assume the BE to be circular. Under this assumption, 791 

we have . 792 

 793 

With all the simplifications mentioned above, Eq. (C2) takes the form of Eq. (24).   794 

 795 

Appendix D. Reasonable interval criterion derivation 796 

 797 

We want to access the limit of validity of the theoretical model. This is done via the 798 

characterization of the initial evolution of the system. We compute the expansion rate of 799 

the current and of the eddy  near . The model is physically relevant 800 

when the eddy expands faster than the current ( ). 801 

 802 

Near , we expand , , and in Taylor series 803 

                                                                                                             (D1) 804 

 and                                                                                                       (D2) 805 

                                                                                                                 (D3) 806 

where we used the initial conditions given in Eqs. (30)-(32). Even if is a function of 807 

, we keep the notation in Eq. (D3) for clarity. Using the two main equations of the 808 

model (Eqs. [26] and [29]), we obtain 809 

                                                                                                (D4) 810 
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and 811 

                                                                                                    (D5) 812 

Also, expanding Eqs. (8) and (22), we find 813 

                                                                                            (D6) 814 

and  815 

                                                                                          (D7) 816 

Therefore, 817 

                                                                                               (D8) 818 

Substitution of Eqs. (D4) and (D5) in Eq. (D8) yields 819 

                                                                                             (D9) 820 

 821 

Moreover, we noted in Sec. 2e1 that should decrease faster than . It follows from 822 

Eqs. (D1), (D2), and (D9) that 823 

                                                                             (D10) 824 

Therefore, the criterion is satisfied when , i.e., again when 825 

. 826 

 827 
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Experiment  (m  s )  Domain size (km) Coastline corner (km) 

1  0.04 4800 1600 (3500, 1200) 

2  0.1 3200 1600 (1000, 1000) 

3  0.1 3200 1600 (1000, 1000) 

4  0.25 3200 1600 (1000, 1000) 

 948 

Table 1. Parameters used in the model.  949 
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Figure captions  966 

Fig. 1. Schematic figure of Agulhas retroflection and shed eddies. Dashed ellipses show 967 

the areas of zonalization and retroflection. 968 

 969 

Fig. 2. Schematic diagram of the retroflection from a zonal coast in the Southern 970 

Hemisphere. The hatched area indicates land. The incoming flux  flows westward, and 971 

the outgoing (retroflected) flux is directed to the east. The widths of the currents are . 972 

The bulge denotes the BE. The squiggle arrows indicate the migration of the BE; this 973 

migration results from both the eddy growth, which forces the eddy away from the zonal 974 

wall, and from , which forces the eddy along this wall. The BE migrates westward and 975 

detaches at some moment of time.    976 

 977 

Fig. 3. Schematic diagram of zonal propagation speed of the BE’s rear front 978 

(rectilinear arrows). Because , the rear front speed changes 979 

from at to at , where is the BE’s polar angle. In Eq. (42), 980 

is calculated as an average of this speed over the rear semicircle bordering the BE. 981 

Also,  is the currents’ frontal speed. The squiggle arrow shows the direction of 982 

for the BE (not points at its rim).  983 

 984 

Fig. 4. Snapshots of numerical simulations (Exp. 1: , m s ). 985 

 986 

Fig. 5. Snapshots of numerical simulations (Exp. 2: , m s ). 987 

 988 

Fig. 6. Snapshots of numerical simulations (Exp. 3: , m s ). 989 

 990 

Fig. 7. Snapshots of numerical simulations (Exp. 4: , m s ). 991 
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Fig. 8. Plots of (a) ; (b) ; (c) ; (d) for Exp. 1 993 

(conditions of Fig. 4). Solid lines: theoretical model. Dashed lines: fitted numerical 994 

results. 995 

 996 

Fig. 9. Same as in Fig. 8 but for Exp. 2 (conditions of Fig. 5).   997 

 998 

Fig. 10. Same as in Fig. 8 but for Exp. 3 (conditions of Fig. 6).  999 

 1000 

Fig. 11. Same as in Fig. 8 but for Exp. 4 (conditions of Fig. 7). 1001 

 1002 

Fig. 12. Plots of versus for ( -plane), regular ( ), and magnified 1003 

( ). The Roman numerals I, II, and III denote reasonable (stable), transient, 1004 

and unreasonable (unstable) intervals, respectively. 1005 

 1006 

Fig. 13. Upper panel: The 95-day binned float-determined Agulhas leakage transport 1007 

versus westward extent . The black line is the best linear fit, and the gray area 1008 

indicates the estimated confidence band so that 90% of the area points fall within the 1009 

area. The correlation between the two data sets is -0.48, which is significant at the 90% 1010 

confidence level. Adapted from Van Sebille et al. (2009). Lower panel: values of 1011 

calculated using Eq. (14) where (blue diamonds). The red line shows the 1012 

best linear fit. Stable, transient, and unstable intervals are shown by numerals I, II, and 1013 

III, respectively. 1014 

 1015 

Fig. 14. Plot of stability/instability showing as a function of the width of the current 1016 

and the radius of deformation . The gray area is the unstable region, while the white 1017 

area is the stable region.   1018 
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 1022 

Fig. 1. Schematic figure of Agulhas retroflection and shed eddies. Dashed ellipses show 1023 

the areas of zonalization and retroflection.  1024 
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 1026 
Fig. 2. Schematic diagram of the retroflection from a zonal coast in the Southern 1027 

Hemisphere. The hatched area indicates land. The incoming flux  flows westward, and 1028 

the outgoing (retroflected) flux is directed to the east. The widths of the currents are . 1029 

The bulge denotes the BE. The squiggle arrows indicate the migration of the BE; this 1030 

migration results from both the eddy growth, which forces the eddy away from the zonal 1031 

wall, and from , which forces the eddy along this wall. The BE migrates westward and 1032 

detaches at some moment of time.    1033 
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 1041 
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 1047 
Fig. 3. Schematic diagram of zonal propagation speed of the BE’s rear front 1048 

(rectilinear arrows). Because , the rear front speed changes 1049 

from at to at , where is the BE’s polar angle. In Eq. (42), 1050 

is calculated as an average of this speed over the rear semicircle bordering the BE. 1051 

Also,  is the currents’ frontal speed. The squiggle arrow shows the direction of 1052 

for the BE (not points at its rim).  1053 
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 1064 
Fig. 4. Snapshots of numerical simulations (Exp. 1: , m s ). 1065 
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 1083 
Fig. 5. Snapshots of numerical simulations (Exp. 2: , m s ). 1084 
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 1099 
Fig. 6. Snapshots of numerical simulations (Exp. 3: , m s ). 1100 
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 1115 
Fig. 7. Snapshots of numerical simulations (Exp. 4: , m s ). 1116 
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 1131 
Fig. 8. Plots of (a) ; (b) ; (c) ; (d) for Exp. 1 1132 

(conditions of Fig. 4). Solid lines: theoretical model. Dashed lines: fitted numerical 1133 

results. 1134 
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 1135 
Fig. 9. Same as in Fig. 8 but for Exp. 2 (conditions of Fig. 5).   1136 
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 1140 
Fig. 10. Same as in Fig. 8 but for Exp. 3 (conditions of Fig. 6).  1141 
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 1143 
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 1144 
Fig. 11. Same as in Fig. 8 but for Exp. 4 (conditions of Fig. 7). 1145 
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 1147 
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 1148 
Fig. 12. Plots of versus for ( -plane), regular ( ), and magnified 1149 

( ). The Roman numerals I, II, and III denote reasonable (stable), transient, 1150 

and unreasonable (unstable) intervals, respectively.  1151 
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 1164 
Fig. 13. Upper panel: The 95-day binned float-determined Agulhas leakage transport 1165 

versus westward extent . The black line is the best linear fit, and the gray area 1166 

indicates the estimated confidence band so that 90% of the area points fall within the 1167 

area. The correlation between the two data sets is -0.48, which is significant at the 90% 1168 

confidence level. Adapted from Van Sebille et al. (2009). Lower panel: values of 1169 

calculated using Eq. (14) where (blue diamonds). The red line shows the 1170 

best linear fit. Stable, transient, and unstable intervals are shown by numerals I, II, and 1171 

III, respectively.  1172 

 59 



 1173 
Fig. 14. Plot of stability/instability showing as a function of the width of the current 1174 

and the radius of deformation . The gray area is the unstable region, while the white 1175 

area is the stable region.   1176 
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