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ABSTRACT

The author considers two oceanic basins separated by a meridional wall. The wall contains a gap that is
initially blocked by a gate; westward winds are allowed to blow over the two-layered oceans creating western
boundary currents and a sea level difference between the basins. The conceptual gate is then removed and the
resulting nonlinear flow is computed.

The analytical calculations are based on a simple wind-driven general circulation model and a nonlinear
integrated momentum constraint. Two classes of nonlinear solutions are constructed. One corresponds to a
situation where the flow through the gap originates from the right-hand side (looking upstream) of the inner
Pacific basin and the other to a situation where the flow originates from the left-hand side. It is suggested that
the actual Indonesian Throughflow is composed of both of these classes of flows; that is, the throughflow
corresponds to an exchange via two adjacent gaps.

Computations suggest that approximately 6 Sv (Sv = 10 m? s™') enter the passages from the North Pacific
and ! Sv from the South Pacific giving a total of 7 Sv. This may resolve the apparent difficulty associated with
existing linear theories (and nonlinear theories that neglect western boundary currents), which predict that

without strong turbulent diffusion only South Pacific water can enter the passages.

1. Introduction

The exchange of water between oceans is an inter-
esting oceanographic problem. Of particular impor-
tance is the exchange between the Pacific and the Indian
Oceans (via the Indonesian passages) because of its
potentially unique relationship to El Nifio and the
“Great Global Conveyor.” In this article the question
of how much water flows through the Indonesian pas-
sages and the origin of these waters will be addressed
theoretically using nonlinear dynamics. The Indone-
sian passages are too broad to be influenced by the so-
called “hydraulic control” and yet too narrow to allow
free flow through them. They “choke” the flow ! in the
sense that only a fraction of a typical western boundary
current transport can enter them. Namely, they allow
a transport that is much smaller than the 50 Sv (Sv
= 10% m?s™') or so that would have been present in
the region had the Indonesian Archipelago been com-
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! Note that the term “choked flow” is used here in a manner that
is somewhat different from that used in smaller-scale flows where a
choking effect is typically associated with a constriction that causes
the water speed to be so high that surface gravity waves cannot prop-
agate against it.
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pletely open water. This is so because, under such con-
ditions, the Indian and the Pacific Oceans would have
been a single ocean with Australia an island away from
all continents.

Traditionally, most oceanic processes have been
taken to be either linear or very close to linear. Fur-
thermore, traditionally, nonlinearity has been viewed
as a process that plays a secondary role. We shall see
that, in contrast to this traditional viewpoint, where
exchange processes are concerned, nonlinearity is of
extreme importance.

a. Observational background
1) TRANSPORT

Until recently, estimates of the average volume
transport through the Indonesian passages were in-
ferred from indirect measurements such as box models
or inverse methods (Wyrtki 1961; Piola and Gordon
1984; Fine 1985; Fu 1986). These estimates range from
1.7 to 14 Sv. Using the Levitus annual mean data,
Godfrey (1989) estimated the transport to be about 12
Sv. The first direct measurements were made by Mur-
ray and Arief (1988) who examined the flow through
the Lombok Strait that constitutes only a part of the
total Indonesian Throughflow. They found that, on
the average, 2 Sv flowed through the strait. More re-
cently, Meyers et al. (1994) used XBT profiles over a
period of six years to show that the average transport
of the upper 400 m is roughly 11 Sv. Fieux et al. (1994)
and Cresswell et al. (1993 ) measured similar transports.
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* 2) ORIGIN OF THE THROUGHFLOW

Both tritium (Fine 1985) and salinity (Ffield and
Gordon 1992) computations suggest that most of the
throughflow is of North Pacific origin (Fig. 1). Some
South Pacific water may also enter the throughflow,
but the amount is small unless extremely strong mixing
procedures are invoked (Ffield and Gordon 1992).
Direct measurements using drifters also suggest a pre-
dominantly North Pacific origin (Lukas et al. 1991).

b. Theoretical background
1) TRANSPORT

Progress toward (theoretically) predicting the trans-
port of the Indonesian Throughflow (from the wind
field) has followed two different paths. The first class
of computations are based, by and large, on numerical
models of the circulation in the Pacific and Indian
Oceans (Cox 1975; Godfrey and Golding 1981;
Semtner and Chervin 1988; Kindle et al. 1987; Masu-
moto and Yamagata 1992; Inoue and Welsh 1993;

Hirst and Godfrey 1993). These models give average -

transports of about 10-15 Sv.

The second class of computations are analytical and
are based on the so-called “Godfrey’s island rule”
[Godfrey 1989; Godfrey et al. 1993; Hirst and Godfrey
1993; see also Wajsowicz (1993, 1994); who extended
the rule to processes such as multiple islands and bot-
tom topography]. This elegant and powerful rule en-
ables one to compute the wind-driven /inear mass flux
around an island such as Australia (i.e., the transport
between the eastern Australian shore and the eastern
boundary of the Pacific). It assumes, however, that (i)
the island is far away from any continent so that its
western edge (i.e., the eastern boundary of the ocean
to the west of the island) obeys linear dynamics and
_ that (i1) the thickness of the western boundary layer
vanishes at the tip of the island. Such an approach
gives again a transport that is somewhere between 12
and 18 Sv.

Other studies related to our Pacific-Indian exchange
process are those of du Penhoat and Cane (1991),
Clarke (1991), and Clarke and Liu (1993, 1994), who
examined the interannual and annual vanability. The
reader is also referred to Pratt and Lundberg (1991)
for a review of narrow channels that are hydraulically

controlled or geostrophically controlled and to Garrett .

and Toulany (1982) for time-dependent linear flows
through gaps.

2) ComMPOSITION

Most of the numerical studies mentioned above have
not paid specific attention to the origin of the through-
flow; though, in principle, one could use numerical
models to determine the source. When the analytical
“island rule” is combined with the condition of zero
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FIG. 1. The flow pattern in the Indonesian passages (adapted from
Ffield and Gordon 1992). The North Equatorial Current (NEC) and
the resulting Mindanao Current (MC) approach the passages from
the north, whereas the South Equatorial Current (SEC) approaches
the passages from the south. The North Equatorial Counter Current
(NECC) carries water to the east.

wind stress curl at about 2°N and one assumes that
the boundary current transport is equal to and opposite
to the interior Sverdrup transport, then one obtains
that the primary source of the throughflow is the South
Pacific (e.g., Godfrey 1989; Godfrey et al. 1993; Waj-
sowicz 1993, 1994). This contradicts most of the ob-
servations, which, as mentioned, strongly suggest a
predominately North Pacific source (e.g., Ffield and
Gordon 1992). To resolve this difficulty, it has been
argued that viscosity and strong horizontal mixing act-
ing over long distances may alter the structure of the
entering South Pacific water and give the impression
that the source is North Pacific water (Godfrey et al.
1993). Although this is certainly possible, we shall show
that there is an alternative explanation for the observed
water composition. -

One of the main thrusts of the present article is to
demonstrate that when inviscid nonlinear dynamics are
invoked, the source of the throughflow is predomi-



JUNE 1995

nantly the North Pacific, as should be the case. Namely,
we shall illustrate that, although the “island rule” is
powerful and informative, its inherent assumption that
the island is far away from any other continent makes
its application to the Indonesian Throughflow limited.
Since the Australian continent is actually fairly close
to the Asian continent, boundary currents running in
between the continents affect the pressure distribution
and the integration leading to the rule. Furthermore,
the assumption of no net transport at 2°N is probably
not entirely accurate, because when there are gaps in
the boundary, the boundary current transport need not
be equal and opposite to the interior transport.

¢. Present approach

Our approach is to take into account both the in-
terior ocean dynamics where the Sverdrup balance
holds and the nonlinear flow in the passages and the
vicinity of western boundaries where the Sverdrup bal-
ance does not hold. To do so, we consider two idealized
oceans separated by a meridional wall and connected
by a channel (Fig. 2). The eastern (inner) basin cor-
responds to the Pacific Ocean and the western (outer)
basin corresponds to the Indian Ocean. The actual
connecting flow between the two oceans begins in the
Northern Hemisphere where the Pacific water enters;
it then crosses the equator and exits into the Southern
Hemisphere (Fig. 1). Since we are mainly interested
in the composition and origin of the throughflow, we
shall consider most of the area within the Indonesian
Archipelago to be a part of the Indian Ocean. Conse-
quently, the location of our gap corresponds to the
eastern edge of the Archipelago, which is located in
the Northern Hemisphere (i.e., several degrees north
of the equator).

Both of our conceptual oceans consist of a thin upper
layer (and a passive infinitely deep lower layer) and
are subject to westward winds that raise the sea level
along the western boundaries and depress the sea level
along the eastern boundaries. For simplicity, we shall
consider the cases where the wall separating the oceans
is thin so that the channel reduces to a gap. Initially,
a conceptual gate is placed across the upper layer in
the gap (Fig. 2) so that the pressure difference is not
causing any flow. In this initial state both basins contain
a closed wind-driven circulation consisting of a western
boundary current and an interior Sverdrup flow.
Therefore, the sea level difference across the wall (and
gate) is a function of both the wind stress and the re-
sulting circulation.

The sea-level difference across the Pacific can be eas-
ily computed from the familiar vertically integrated x
momentum equation

7 (x)
y=-£2 gy 4 I (L.1)
2 0x p

where f'is-the Coriolis parameter, V the (northward)
vertically integrated transport (i.e., in the y direction),
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FI1G. 2. A schematic three-dimensional view of the simplified con-
ceptual model for the Indonesian Throughflow. The two oceans are
subject to westward winds that raise the sea level along the western
boundary and depress it along the eastern boundary. The Indonesian
Seas (Fig. 1) are taken to be part of the (conceptual) Indian Ocean
so that the gap corresponds to the easternmost passages (located in
the Northern Hemisphere). The southern and northern panels of the
boxes correspond to regions with a zero wind stress curl rather than
solid walls. An imaginary gate separates initially the two basins. The
steady adjusted state reached after the removal of the gate is taken
to be analogous to the average oceanic situation. Variables L, and
L, are the lengths of the conceptual Indian and Pacific Oceans.

g’ the reduced gravity (gAp/p), h the upper-layer depth,
7 the surface wind stress in the x direction (i.e., east-
ward), and p the water density. Equation (1.1) holds
both in the sluggish ocean interior away from the
boundaries and in the intense western boundary cur-
rent where the flow is geostrophic in the cross-stream
direction. Within the western boundary current the
balance is between the first and second term (i.e., the
wind stress is small compared to the Coriolis and the
pressure term). In the interior, on the other hand, all
three terms are of the same order.

Note that, in this model, energy is supplied by the
wind over the entire ocean and is dissipated through
interfacial friction within the limits of the western
boundary current. This bottom friction is not present
in (1.1) because it is directed along the mean meridional
flow. Integration of (1.1) from the western to the eastern
boundary gives the desired (square of the) sea-level dif-

ference:
Y
gd p 7

where L is the basin’s length, and it has been assumed
that, as long as the gate is closed, there is no net trans-
port within the cross section (i.e., the boundary current
transport cancels the Sverdrup transport). We shall see
later that after the removal of the gate the boundary

h2 east
west

(1.2)
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current transport no longer cancels the interior Sver-
drup transport.

Traditionally, the upper-layer depth along the east-
ern boundaries is taken to be known because this is
where the information is emanating from. Following
the observations of Colin et al. (1971), we shall take
the eastern depth in the Pacific to be zero. The eastern
depth in the Indian Ocean corresponds to a depth that
would have occurred had the Indonesian Passages been
closed and it will be later estimated from observations.

In view of the above considerations, (1.2) gives for
the Pacific western wall depth

3 (Lo 7 1/2
h,-w=[———,f idx] :
gJo p

where the subscripts i and w denote that the variable
in question is associated with the “‘initial” conditions
and the wall.

The associated undisturbed depth at the edge of the
boundary current can be estimated from the curl of
the wind stress. To do so, consider the linearized y
momentum equation

(1.2a)

. ga ,

U= —>=-—(h") — RV, 1.3
U= =550 (1.3)
where R is the coefficient of interfacial friction that, as
we shall see, need not be specified for our computations.
Elimination of the pressure term between (1.1) and
(1.3) and consideration of dU/dx + dV/dy = 0 gives

which, for the ocean interior, reduces to the familiar
Sverdrup transport

_to
p 9y’

Substitution of ¥ from (1.3a) into (1.1) and integration
from the eastern edge of the boundary current (x = £)
to the eastern boundary of the Pacific gives an expres-
sion for the Pacific offshore depth at the edge of the

boundary current H,:
127 £ pLy 5.0 Ly, () 172
H,= (3) [i“’—f I e - f :s——dx] . (14)
g'] (BpJdo 9y 0o P
Note that, in deriving this expression, it has been again
taken into account that the depth along the Pacific
eastern boundary vanishes and that L, > .

In section 2, the above wind-driven western bound-
ary current will be approximated by an inertial bound-
ary current with uniform potential vorticity. The logic
behind this somewhat crude approximation is that,
within the immediate vicinity of the gap, friction and
wind stress are unimportant. There are many ways by

which such an inertial current can be fitted to the sim-
plified wind-driven model. For the purpose of our

BV =

(1.3a)
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modeling efforts it is best to fit the two wind-driven
depths along the western and eastern edges of the
boundary current [i.e., 4;, and H, given by (1.2a) and
(1.4)] to the inertial near-wall and off-wall depths. Un-
der such conditions, the transport of the inertial
boundary current will be identical to that of the wind-
driven current because the geostrophic transport
g'(H5— hi,)/2fyis independent of the depth distribution
within the current. Note, however, that, since the wind-
driven and the inertial currents are governed by dif-
ferent sets of differential equations, it is impossible to
match all the variables of the two currents (e.g., speed
and width).

At, say, t = 0 the gate is removed and, subsequently,

" there is a flow from the intense boundary current in

the Pacific basin to the sluggish eastern part of the outer
basin. This flow is, of course, a result of the pressure
difference across the gap that is set up by the wind field
and the resulting circulation. As already alluded to, as
far as the flow within the gap and its limited immediate
vicinity are concerned, the local wind field directly
above is unimportant (compared to the wind over the
entire ocean) and therefore will be neglected. Similarly,
because of the relative smaliness of the area associated
with the gap and its vicinity, friction will be neglected.
With these approximations the problem reduces to an
inertial flow problem where the sea-level difference (re-
motely forced by the wind) is given (Fig. 3). Our aim
is to determine the transport through the gap and ex-
amine the changes that will occur upstream in the inner
basin. It is expected that after an initial period of ad-
justment a steady state will be reached, and it is this
state that we are seeking.

To obtain the solution we shall follow Nof (1994)
who considered the very special case of no western
boundary current in the inner (Pacific) basin and no
upper-layer depth along the eastern wall of the outer
(Indian) basin. Namely, the present study is an exten-
sion of the Nof (1994) study in the sense that (i) the
curl of the wind stress over the Pacific is not constrained
to be zero and (ii) the initial upper-layer depth along
the eastern boundary of the outer basin is also not con-
strained to be zero and can take any value.

We shall see that these two independent relaxations
introduce a new rich class of solutions. In particular,
a new nonlinear mode corresponding to rnorth Pacific
water entering the Indian Ocean is found. As already
mentioned, this may explain the difficulty associated
with linear theories, which, without horizontal friction,
indicate a predominantly South Pacific source. Our
mathematical techniques are similar to those of Nof
(1994) as well as the earlier articles of Nof and Olson
(1983) and Nof (1993). Namely, the detailed nonlinear
solution within the gap itself is not sought; instead,
solutions for the upstream and downstream fields are
constructed analytically with the aid of an integrated
momentum constraint. As is usually assumed in many
outflow problems, regions into which the throughflow
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FIG. 3. A schematic three-dimensional close-up of the gap’s vicinity.
In this simple geometry, both the inner and the outer basins extend
to infinity in the x and y directions and the local wind action is
unimportant. The sea level in the Pacific basin is higher than that of
the Indian basin by (H, — H,)Ap/p; this difference is set up by the
wind field. The Pacific basin contains an initial western boundary
current (v;) resulting from the curl of the wind stress. An imaginary
gate initially blocks the gap (whose width is much greater than the
Rossby radius) that connects the two basins.

does not penetrate are taken to be at rest. The logic
behind this assumption is that, in the absence of hor-
izontal friction and time-dependent motions, there is
no mechanism by which momentum can be transferred
to such areas (see e.g., Ingersoll 1969; Nof 1987). Con-
sequently, even a rather small amount of vertical in-
terfacial friction will bring these regions quickly to rest.

This article is organized as follows. The problem is
formulated in section 2, the governing equations and
boundary conditions are presented in section 3, and
the constraints in section 4. The solution is presented
and analyzed in section 5, and the study is summarized
in Section 6. As is often the case with such studies,
there is a limited (unavoidable) overlap between this
present article and some of the earlier studies (Nof and
Olson 1983; Nof 1993, 1994) because an attempt has
been made to make the present article self-contained.
The reader is warned in advance, however, that, despite
this overlap, there are subtle differences between the
various procedures presented in the earlier articles and
this present one.

2. Formulation

Consider again the idealization shown in Figs. 2 and
3. The wall separating the basins is taken to be thin so
that in the gap no fluid can accumulate against it. The
origin of our coordinate system is located at the south-
ern edge of the gap. The x and y axes are pointing

NOF
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eastward and northward, respectively. Initially, the gate,
extending from the free surface to the interface, sepa-
rates the inner basin from the outer basin.

As mentioned, the wind field is only important as
far as setting up the pressure difference across the gap
via the establishment of a western boundary current
in the Pacific and a weak Sverdrup flow in the eastern
Indian Ocean. The direct effect of the wind on the area
in the immediate vicinity of the gap (i.e., the region
within a few deformation radii away from the gap) is
neglected due to its smallness compared to that asso-
ciated with the entire Pacific and Indian Oceans.
Namely, as far as the gap’s nonlinear dynamics are
concerned, we consider the configuration shown in Fig.
3 where both the Pacific and Indian basins extend to
infinity.

It is assumed now that, within the inertial boundary
current (which approximates the actual wind-driven
current in the Pacific), the potential vorticity is uniform
and equals fo/H,, where H, is the undisturbed depth
away from the wall. Such an approximation is com-
mon, both for midlatitude and cross-equatorial flows.
While it is certainly not ideal (due to the proximity of
the gap to the equator), it is adequate as a first ap-
proximation. For a (geostrophic) uniform potential
vorticity western boundary current, the velocity and
depth fields are :

v; = viwe_x/Rd (21)
hy = H,,(l - ]’% e"‘/Rd) , 2.2)
0

where the Rossby radius R, is given by R, = (g'H,)"/?/
Jo. As before, the subscripts p, w, and i correspond to
the Pacific, the wall, and the initial conditions, respec-
tively (i.e., prior to the gate’s removal). (The subscript
n will be used later to indicate association with the
Indian Ocean). For x = 0 (i.e., the western wall), (2.2)
gives

Viw =f0Rd[1 - hiw/Hp]: (2.3)

which will be used later to obtain the near-wall speed.

The depth H, of the upper layer along the eastern
boundary in the Indian Ocean prior to the gate removal
is taken as known. Needless to say, the initial speed
along the eastern boundary of the conceptual Indian
Ocean is small compared to our boundary current
speed and can be neglected. Under these conditions,
the level of the free surface in the Pacific several de-
formation radii away from the western wall is higher
than that of the eastern Indian basin by (H, — H,)Ap/
p, so that there is no flow in the lower layer even though
the lower portion of the gap is not blocked.

With the above formulation, the complicated
problem of exchange between two adjacent oceans
with nonlinear circulation and wind stress above (Fig.
2) has been reduced to the inertial exchange of two
oceans with no wind stress above (Fig. 3). One of these






