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Abstract. East of Madagascar, the shallow ‘South Indian Ocean Counter Current (SICC)’ flows
from west to east across the Indian Ocean against the direction of the wind-driven circulation. The
SICC impinges on west Australia and enhances the sea level slope, strengthening the long-shore
coastal jet: the Leeuwin Current (LC) which flows poleward along Australia. An observed transport
maximum of the LC around 22°S can likely be attributed to this impingement of the SICC. The LC is
often described as a regional coastal current that is forced by an offshore meridional density gradient
or sea surface slope. However, little is known about the controls of these open ocean gradients. The
regional circulation system is embedded in the subtropical ‘super gyre’ that connects the Indo-Pacific
Oceans via the Tasman Gateway and the Indonesian Passages. The Indonesian Throughflow (ITF)
circulates through the Indian Ocean back into the Pacific south of Australia. This return pathway
appears to be partly trapped in the upper layer north of an outcrop line. It is redirected along this
outcrop line and joins the eastward flow of the SICC. To study the connection of the basin-scale and
the inter-ocean scale dynamics, we apply both an ocean general circulation model and a conceptual
two-layer model. Shutdown of the ITF in the models leads to a large decrease in Leeuwin Current
transport. Most of the SICC was found to then reconnect to the internal gyre circulation in the Indian

Ocean. ITF, SICC and LC are thus dynamically connected.

1 Introduction

In the upper layer of the South Indian Ocean (SIO) three unique anomalous currents have been
identified: the Leeuwin Current (LC, |Cresswell and Golding| (1980)) which flows poleward along
Australia; the South Indian Ocean Counter Current (SICC, Palastanga et al.| (2007)) which flows
from Madagascar to Australia in the upper £300 m; and the Indonesian Throughflow (ITF, |Godfrey
and Golding| (1981)) which flows through the Indonesian passages from the tropical Pacific to the
Indian Ocean. The LC is unique as an eastern boundary current. Satellite observations show that
this is the only eastern boundary region of enhanced mesoscale eddy activity (Schouten et al., 2005}

Morrow and Birol, [1998). Across the SIO, the SICC flows against the direction of the wind (curl)
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driven Sverdrup circulation that moves underneath it. In contrast to other Subtropical Countercur-
rents (STCCs) which dissolve in the gyre, the SICC spans the full width of the basin. Large vertical
shear between these opposing currents leads to (baroclinic) instability and eddies that propagate
westward (Palastanga et al.,|2007; Jia et al., [2011)). The ITF is part of the subtropical ‘super gyre’,
a wind-driven circulation which connects the Pacific, Indian and Atlantic Oceans via the Indonesian
Passages and the Agulhas and Tasman Gateways (Speich et al.l [2007; |de Ruijter, |1982; Ridgway
and Dunn, [2007). Hypotheses on the nature and coherence of this shallow circulation system range
from localized frontal jets to a system that connects the Indonesian Throughflow, the Mozambique
Channel and Agulhas Current, the SICC and the Leeuwin Current System. In this study, we provide
evidence supporting this latter theory of a large-scale connectivity.

Most studies of the Indian Ocean have been complementary in focusing on either the western or
the eastern sector. Observations in the west have suggested the Agulhas Retroflection and Return
Current as the origin of the SICC (Nauw et al., [2008). In the east, observations (Smith et al.l (1991}
Woo et al.l 2006; [Woo and Pattiaratchil, [2008; [Weller et al., [2011) and Lagrangian models (Song
et al.|[2004; Domingues et al., 2007; |Valsala and Ikedal [2007} ivan Sebille et al.|[2014)) have identified
both tropical (including ITF) and subtropical waters as a source for the LC. Basin-wide observations
indicate that westward flow around 10°S (partly ITF) and eastward flow near 25°S (SICC) cross
the entire basin of the Indian Ocean (see Fig.[I)). These findings indicate a large-scale connectivity
between the east and west. However, understanding of the dynamics and connection between these
shallow currents, the LC, the SICC and the ITF, is still limited.

The Leeuwin Current plays an important role in regional climate and ecology (Waite et al., 2007).
Linear theory cannot explain such a poleward boundary current along an eastern boundary. Early
studies have pointed at observed meridional gradients in density and steric height as a forcing agent
for the LC and the influence of the ITF in reinforcing these gradients (Godfrey and Ridgway), 1985}
Weaver and Middleton| [I989). Theories on the coastal trapping of the LC have focused on verti-
cal diffusion of Rossby waves (McCreary et al., [1986) and interaction with the continental shelf
(Csanady, |19781985). An ongoing program is evaluating these various proposed mechanisms (Fu-
rue et al.||2013;/Benthuysen et al., 2014)), but leave the problem of large-scale forcing and connectiv-
ity of the LC unanswered. To understand this large-scale forcing, one needs to understand the origin
of the off-shore meridional gradients, which hints to an important role of the SICC.

The SICC shows similarities to other Subtropical Countercurrents (STCCs) which have been iden-
tified in the North Pacific (Uda and Hasunumal, [{1969), South Pacific (Merle et al.| |1969)), North At-
lantic (Reid and Mantyla, [1978)) and the South Atlantic (Tsuchiyal [1985). These zonal currents have
the clearest signature near 20-25°N/S in the western part of the basins. Suggested driving mecha-
nisms are Ekman convergence (Takeuchi, |1984), isothermal convergence (Cushman-Roisin, |1984),
shock formation of mixed-layer depth (de Ruijter; [1983)), convergence of Rossby waves (Dewar

1991)) and mode water formation (Kobashi and Kubokawa, [2012). No single mechanism has been
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identified as the dominant one and all may play a part in the actual frontogenesis forming these
STCCs. All studies do, however, agree that the combination of buoyancy forcing and wind stress
convergence establishes the observed zonally oriented fronts with associated baroclinic frontal jets.
Because these fronts are expressed in a sharp gradient of isopycnal depth (Fig. [2), these isopycnals
can outcrop along the fronts of the STCCs. In the southeast Indian Ocean, these forcing components
vary clearly at seasonal, interannual and decadal time scales, as shown elegantly by Jia et al.|(2011)
using a variety of satellite data. They also showed the associated modulation of baroclinic instability
and eddy kinetic energy (Palastanga et al.,2007; Jia et al., 2011).

The Indonesian Throughflow, due to its advection of warm and fresh water, affects the hydrogra-
phy in the South Indian Ocean. The effect on the circulation was first studied by Hirst and Godfrey
(1993), who performed simulations using a General Circulation Model (GCM). In one run, they
applied realistic bathymetry; in a second run, the Indonesian Passages were closed. In the first run
allowing the ITF, a shallow southeastward jet appeared near the latitude where the SICC is observed,
down to the southwestern tip of Australia. In the second run, blocking of the ITF weakened this
shallow circulation. They suggested that the Leeuwin Current System (LCS) is part of this shallow
circulation. A model-intercomparison study of three models of varying complexity supported their
conclusions (McCreary et al., 2007), yet both studies were based on coarse resolution simulations.
The response of the narrow SICC and LC could therefore not be addressed. [Le Bars et al.| (2013)
were the first to perform comparable simulations, with open and closed Indonesian Passages, using a
GCM at eddy-resolving resolution. Since analysis of these model results was restricted to barotropic
circulation, no conclusions could be drawn on the SICC and LC systems. We will use these data to
revise the effect of the ITF on the ‘realistically’ simulated SICC and LC.

Three shallow currents have been identified in the South Indian Ocean: the Leeuwin Current,
the South Indian Ocean Countercurrent and the Indonesian Throughflow. In this study, we aim to
understand if and how these currents form a connected system. We primarily focus on the LC and
the SICC and address following questions: What is the dynamic connection between the SICC and
the LC? How can the general features of the shallow circulation in the SIO be understood from
surface forcing? What is the role of the ITF in this system? And why are poleward eastern boundary
currents like the LC not found in other basins?

To answer these questions, two models of different complexity were used. First, an ocean GCM
is run at high and coarse resolution to validate against the results of Hirst and Godfrey| (1993) and
to show the impact of inertia on the sensitivity of the LC and SICC to the ITF. Second, a conceptual
regional two-layer model is used to simulate the general shallow circulation features of the SIO
from surface forcing and to reveal the sensitivity of these features to removal of the Pacific influence
through the ITF. In Sect. |2 properties and configuration of both models are presented. Model results
are presented in Sect. [3] With both models, sensitivity of the circulation to the ITF is presented in

Sect. ] which is followed by concluding remarks in Sect[3]
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2 Model configurations

Two models were used in this study on the dynamics of the shallow circulation in the South Indian
Ocean, an ocean GCM and a conceptual two-layer model. In this section, we describe the basic

properties and the configuration of both models.
2.1 General Circulation Model: Parallel Ocean Program

The Parallel Ocean Program (POP, Dukowicz and Smith|(1994))) is an ocean-only general circula-
tion model solving the primitive equations on a horizontal grid with an average resolution of 0.1°
and 42 vertical layers. The atmospheric state and precipitation were taken from the CORE dataset
(Large and Yeager, |2004), wind stress was computed offline using Hurrell Sea Surface Temperature
climatology (Hurrell et al., [2008)) and evaporation and sensible heat flux were calculated online.
For the GCM analysis, we used data from the simulations performed by|Le Bars et al.|(2013)). After
a spin-up of 75 years as described by [Maltrud et al.[(2010), two simulations were performed: one
with realistic bathymetry; and one with closed Indonesian Passages in a similar fashion as |Hirst and
Godfrey| (1993)). Both were run for another 105 model years of which the last 50 years of simulation
were averaged to approximate a steady state. Simulations were repeated on a horizontal grid with

average resolution of 1.0° allowing for validation against previous modeling studies.
2.2 Conceptual model: Hallberg Isopycnal Model

The Hallberg Isopycnal Model (HIM, |Hallberg|(1997,|2000)) is a regional ocean-only model solving
the hydrostatic primitive equations in spherical coordinates on an Arakawa C-grid. It is configured to
an idealized representation of the Indian and Pacific Oceans with horizontal resolution of 0.2x0.2°,
separated by an elongated island representing Australia (Fig. [3). A minimum of idealized forcing
terms is applied to simulate a mid-ocean eastward jet in the western basin, and a westward jet along
the northern boundary of Australia with a predictable return pathway. These jets will be interpreted
as the SICC and the ITF respectively.

The model eastern basin is scaled down compared to the actual Pacific Ocean; by adjusting the
wind stress amplitude, the model can simulate a realistic Pacific Sverdrup transport. The flat bottom
is at a depth of 1500m below the free surface, which is the approximate depth of the wind-driven
circulation. An elongated island is chosen to represent Australia. A two-layer system allows for
representation of the baroclinic structure of the Indian Ocean. As initial state, the interface depth
between these layers was taken uniformly at 100m, a typical depth of both the SICC and LC.

Stratification of the model is based on the 20°C isotherm (Fig. [2)), determined using Argo float
data from the ARIVO project (Gaillard and Charraudeau, 2008)) over the corresponding domain
and depths. Density of the lower layer is taken as the average density between the isotherm and

1500m depth. The respective densities are p; = 1029.0 and py = 1031.6 kgm 3. After spin-up, as
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described below, the mean interface depth is 200m, giving mean depths of the layers /1; = 200 and
Hjy = 1300 m. This gives an internal Rossby radius of 22 km.

To investigate both inertial and viscous response in the boundary layer regions, we applied two
values for horizontal Laplacian viscosity: Az = 100 and 10* m?s~!, giving a boundary layer scale
of 20 and 80 km respectively. The viscous regime may be compared to coarse simulations from
previous studies (Hirst and Godfrey} |1993; McCreary et al., [2007). Along the lateral boundaries we
applied no-slip conditions.

The temperature structure in the Indian Ocean clearly reflects the meridional gradient in surface
heat flux (Fig. [2). To simulate the effect of surface heating and cooling and freshwater fluxes, we
applied a total buoyancy flux, as in [Haney| (1971). The applied buoyancy forcing has a constant
meridional gradient and is independent on longitude (Fig.[3). The total buoyancy forcing is conserved
over the ocean surface.

Wind stress is applied separately over two regions. In the western basin (grey hatches in Fig.[3), a
sinusoidal wind stress is applied, corrected for curvature due to the spherical coordinates. This forces
a single Sverdrup gyre west of the island. In the eastern basin (black hatches in Fig.[3), a wind stress
with constant curl is applied, again corrected for curvature. This pattern forces a constant northward
Sverdrup transport of 15 Sv, which circulates along the northern, western and southern boundaries
of the basin. The westward flow along the northern boundary represents the ITF in this model.

The combined forcing of buoyancy fluxes and wind stress can induce frontogenesis, resulting in
outcrop of the interface. This effectively reduces part of the basin to a one-layer system which has to
equilibrate laterally. After 50 model years, total energy in the system was found to be approximately
constant. A statistical steady-state was obtained by averaging over the period between model years
45 and 55.

Linear theory allows for qualitative prediction of the resulting circulation, and it is instructive to do
so before analysing the results. The applied wind pattern drives a depth-integrated circulation which
is a combination of a Sverdrup gyre in the western basin and a jet-like circulation along the northern,
western and southern boundaries, connecting to a broad constant northward flow in the eastern basin.
The meridional gradient in buoyancy fluxes produces a baroclinic structure of eastward flow in the

upper layer and westward flow in the lower layer, according to thermal wind balance:

u_ g 9
9z pof Oy

Here, u is the zonal velocity in ms~!. Frontogenesis can reinforce this meridional gradient (de Rui-

ey

jterl, |1983} [Takeuchi, [1984; |(Cushman-Roisin, |1984), narrowing and enhancing the baroclinic struc-

ture, making the eastward flow in the upper layer more jet-like as the observed SICC.
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3 Results

In the two-layer solutions, the eastward current appears to be connected to the interface outcrop. The
basic structure of the circulation is that of a gyre in each of the basins with a super-gyre wrapping
around it and flow through both basins (e.g. |Pedlosky et all [1997)). This is what one can see in
the northern strip, between 10 and 15°S (Fig. [6p) where the wind forcing in the eastern basin is
set to zero, but buoyancy forcing drives a 3 Sv gyre. The mismatch with the Indian Ocean gyre is
corrected in a zonal boundary layer west of the northern termination of the ‘island’. At this value
of the viscosity parameter, a large part of the northern Pacific inflow makes an excursion along
the northern boundary into the western boundary layer of the Indian Ocean (Agulhas), then back
northward in a gyre-like flow in the interior of the IO and eastward in the free zonal boundary layer
and exiting through the gateway north of the island.

Adding the ITF (and thus also the mismatch) by adding northward forcing wind curl over the
‘Pacific’ has much impact on the flow in the eastern IO (Fig. [7p). The zonal eastward jet at £35°S
gets stronger and continues straight to the island due to the larger inertia, then southward (as a
Leeuwin Current) and exits around the southern tip into the Pacific western boundary layer. Part of
it stays in the IO and flows north-eastward where it connects to the SEC and SECC system.

In the case with larger viscosity (Fig. [7h), the free boundary layer flow west of the southern
part of the island curves toward and around the southern tip. North of the island, the wider viscous
boundary layer now fills the gateway and blocks the IO flow to exit through the northern passageway.
Almost all flow entering through the northern passage can only exit south of ‘“Tasmania’. The jet-like
structure of these zonal boundary layers induces the interface outcrop and associated fronts.

Steady state solutions of the GCM simulations show a shallow current system in the viscous
regime (Fig.[). The corner shape geometry of south Australia-Tasmania induces a jump in Sverdrup
transport across the corner’s latitude. That is matched by a viscous free boundary layer structure with
westward flow south of the discontinuity and eastward north of it. At eddy-resolving resolution this
is much clearer (Fig.[dp) and here, a compact poleward flowing Leeuwin Current emerges.

Both GCM simulations show a zonal flow east of Madagascar, fanning out broadly in the viscous
case east of 90°E while bifurcating into several branches in the eddy resolving case. This is the
SICC-system. A similar structure has recently been identified and analyzed from observations (e.g.
Menezes et al.,[2013)).

The northern branch of the model-SICC reaches the North-West shelf, where it feeds into the
coastal jet. The southern branch reaches Australia just south of the North West Cape (NWC). Cross-
shore transects, taken at regular intervals of 2° along the west-Australian coast, reveal that the LC
transport (Fig. [5) upstream of the NWC (22°S, transect F) is low. A sharp increase is found from
approximately 0.5 to 2.5 Sv just south of the NWC. This is the latitude of maximal SICC-strength
and it suggests that the SICC directly connects to the LC and, in fact, largely determines its strength

and existence.
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As expected, the viscous circulation (Fig. [7h) shows features similar to those found in the coarse
resolution GCM results. A boundary current flows east and eventually bends southeastward to con-
verge toward the southwestern point of the island as described below. This leads to large values of
velocity shear along this outcrop line, baroclinic instability and the formation of mesoscale eddies
(Palastanga et al., |2007).

To resolve the inertial regime, the simulation was repeated with a smaller lateral viscosity of 100
m?2s~! (Fig. ). Due to rectification of the associated modes, the mid-ocean jet flows almost zonally
toward the western coast of the island. Against the boundary, it sets up a pressure gradient and
induces a coastally trapped poleward current, much like the observed Leeuwin Current. To simulate
a Leeuwin Current in a regional coastal model, McCreary et al.| (1986) were the first to prescribe an

3 over a meridional extent

offshore meridional gradient in surface density of approximately 3 kgm™
of 2000 km. They based this value on observations, and a similar meridional density gradient is
found in our eddy-resolving GCM simulations.

Local frontogenesis at gyre-scale is stimulated by Ekman transport convergence. That alone would
converge the upper layer to the zero wind stress curl line at 35°S. Negative buoyancy forcing (cool-
ing, evaporation) in the south produces mixed layer deepening and deceleration of the meridional

Ekman velocity. That accelerates the convergence and leads to front formation closer to the equator

than the Ekman convergence line as resolved by the GCM simulations (Fig. @p).

4 Sensitivity to Indonesian Throughflow

Hirst and Godfrey|(1993) studied the effect of the ITF by artifically closing the Indonesian Passages.
This reduced the shallow eastward jet and the transport in the LCS; these results were reproduced
with our GCM at coarse resolution (not shown). At eddy-resolving resolution, closure of the Indone-
sian Passages significantly reduces the transport through both the SICC and the LC, as can be seen
in Fig.[6h. More importantly, this blocking of the ITF breaks up the connection between the modeled
SICC and LC.

In the conceptual two-layer model, we applied an unconventional method of ITF simulation by
wind forcing only over the eastern sector of the ‘Pacific’. In that way, inflow from the Pacific can
be set to zero without geometrically closing the passages. Closing this passage, as was done in
the GCM simulations, essentially changes the topology of the basin. The lack of an ITF gateway
induces a southward western boundary current in the eastern basin and could generate leakage south
of the island, similar to Tasman Leakage, which increases due to blocking of the ITF in the GCM
model (Le Bars et al.| 2013). The resulting circulation without wind stress over the eastern basin
(Fig.[6b) shows a decreased transport along the mid-ocean front. Moreover, the connection between

the western and eastern boundary currents is broken.
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Without inflow from the eastern basin (ITF), the frontal jet (SICC) merges into the IO-gyre. That
would be similar to the positioning of the subtropical countercurrents in other basins. Connection
with a poleward EBC (the Leeuwin Current) requires circulation around the island. When inflow
from the eastern to the western basin is allowed along the north of the island, part of this island cir-
culation is trapped in the upper layer by limited diapycnal transport. It follows the southern boundary
of this upper layer, being the outcrop line.

The evidence collected here supports a view that there is no direct connection of the ITF to the
LC. Rather, these currents are connected via the IO western boundary layer (Agulhas) and the SICC.
The ITF transport that enters the IO in the north-east and is forced by the wind over the upper layer
east of the island, has to exit along the southern boundary of this upper layer. The positioning of
this boundary is controlled by the wind pattern in combination with the location of the island. That
determines the frontal outcrop line and the Leeuwin Current transport jump when the SICC flows into
it. The depth-integrated transport agrees with linear theory and follows the western boundary layer
all the way to the latitude of zero wind curl in the eastern basin, which is the southern boundary (not
shown). To meet these requirements, transport in the lower layer produces a flow against the shallow
SICC-LC system, which is in agreement with observations where a Leeuwin Undercurrent is found,

as well as a westward flow in the sub-thermocline Indian Ocean.

5 Conclusions

The GCM experiments reported here show that the basic structure of the flow in the south Indian
Ocean is linked to the specific corner-shaped geometry of Australia and Tasmania. Integrating the
wind-stress curl westward starting at the eastern boundary to determine the Sverdrup transport in the
basin, a transport jump results at the southwest corner of Australia. A free zonal boundary layer to
the west of the jump matches the unequal Sverdrup regimes (Fig. @). To the south it is connected
with the Agulhas Return Current. The northern edge of the boundary layer is a high shear zone
with eastward flow and potential outcropping of the upper layer. This establishes the SICC and its
pathway is largely imposed by the basin geometry combined with the wind pattern.

The wind-driven circulation of the Indonesian Throughflow resides partly in this upper layer and
this fraction is redirected along the front to flow zonally towards the west coast of Australia. Coming
in in the north, it merges and retroflects largely with the Agulhas Current and adds to the zonal jet.
In case of outcrop, it is steered to the north of it, across the Indian OCean and feeds into the Leeuwin
Current. The experiments with the two-layer conceptual model lend support to this interpretation.

Two regimes were identified for this connection with the Australian coast: a viscous regime, where
the zonal flow bends southward towards the southwestern point of Australia, and no boundary cur-
rent could be sustained; and an inertial regime, where the front crosses the Indian Ocean zonally, and

the jet reaches the coast near the latitude where it departs Madagascar and feeds the Leeuwin Cur-
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rent. Although Ekman transport can redirect the Indonesian Throughflow directly into the Leeuwin
Current, a process that accounts for the latter’s relatively tropical structure, it cannot explain the
forcing of the Leeuwin Current.

This system flows around the island circulation of Madagascar and is modified also by buoy-
ancy fluxes at the surface. Local zonal jets may result from Ekman convergence and mixed layer

deepening. However, it is beyond the present study to cover all details of this complex system.
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Figure 1. a) Mean dynamic topography (cm) from product MDT_CNES-CLS13. b) Derived geostrophic ve-

locities (cms ™), where positive values indicate an eastward component.

Woo, M., Pattiaratchi, C., and Schroeder, W.: Dynamics of the Ningaloo Current off Point Cloates, Western
Australia, Marine and Freshwater Research, 57, 291-301, doi:10.1071/MF05106, 2006.
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Figure 2. Meridional section of temperature (°C) at 80°E from Argo floats (ARIVO project, |Gaillard and
(2008)). The 20°C isotherm is used to divide the basin into an upper and lower layer. For both
layers, average relative densities o are denoted, which are used for defining the stratification of the two-layer

model. The isotherm shows outcrop near 30°S, marking the southern boundary of the upper layer.
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Figure 3. Configuration of the conceptual two-layer model. a) Model domain, applied buoyancy forcing (shad-
ing) and two areas where wind stress is applied (hatches). The light grey area at 150°E indicates the elongated
island. b) Wind stress simulating a gyre (grey) and c) ITF (black) applied to respective areas as indicated in

panel a).
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Figure 4. Steady-state horizontal velocities averaged over the top 200 m (cms ™~ ') from the GCM simulations. a)
Coarse resolution (1.0°), b) eddy-resolving resolution (0.1°). Positive values indicate an eastward component.

Unit vectors are added at local maxima to show the direction of the flow. The green box indicates the area shown

in Fig. Bh.
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Figure 5. a) Inlet from Fig. ] with indicated transects along the western coast. Transects are taken at intervals of
2° along the coast. Labels A-L are ordered from up- to downstream where A,B,C and E are meridional sections,
the others zonal. b) Cross-transect velocities are integrated down to the depth of zero velocity to give an LC
transport. This depth increases monotonically from 150 m at transect A to 300 m at transect L. Transect F marks

the latitude of the North West Cape: 22°S.
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Figure 6. a) As Fig. E| with closed Indonesian Passages. b) As Fig. |Z| without the wind forcing in the eastern
basin (black hatches in Fig. ).
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Figure 7. Streamfunction (yellow contours, interval 1 Sv) of a) viscous and b) inertial circulation in the upper
layer as forced by the configuration shown in Fig. El Colour shading indicates the depth of the interface relative

to the free surface in meters. The white areas thus represent areas of (near-)outcrop.
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