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Figure 9. Schematic diagram of the configuration used for the numerical experiment. The
secondary gap allows Kelvin waves to propagate clockwise around BC and reach region 2
within several rotation periods. The spiral traps the already withdrawn fluid (which
propagates counterclockwise around the outer basin) and, hence, delays its return to the
inner basin.

spiral extends the withdrawal time to several hundred days allowing us to complete
the experiment before the fluid returns to the inner basin.

It is important to note that the adjustment process involves a considerable amount
of energy loss. In the analytical model, part of the energy is removed by the radiation
of waves but energy is not removed in the numerical model. This implies that
oscillations are always present in the runs. Figure 10 shows that, despite these
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Figure 10. A comparison between the analytical (straight thick lines) and numerical (thin
wiggly curves) solution for the gap problem. The (nondimensional) numerically calculated
transports in the various regions are shown as a function of time. The model used is the 1/
layer Bleck and Boudra isopycnic model (see text for details). The initial delay associated
with the establishment of the currents reflects the time that it took for the information to
reach region 2. Note that, given the simplicity of the analytical model and the lack of a
mechanism to remove excess energy from the numerical model, the agreement is excellent.
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Figure 11. Depths contours in the vicinity of the main gap 180 days (i.e., 290 rotation periods) after
the removal of the gate. The deformation radius is approximately 50 km. Note that, as assumed in
the analytical model, the flow is indeed one dimensional in all regions away from the gap.

oscillations and despite the fact that there is no friction in the analytical model, the
average transports agree remarkably well with the nonlinear theory. Figure 11
illustrates that, as assumed in the analytical model, away from the gap the flow is
indeed one dimensional.
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8. Applications and discussion

The foregoing theory might be applicable to numerous passages because many
gaps which separate adjacent oceanic basins are broad and short. Two passages for
which there is widely published data are the Windward Passage connecting the
Atlantic Ocean and the Caribbean Sea and the Indonesian passages which connect
the Pacific and the Indian Ocean. We shall focus on these two passages.

a. Relation to the wind field. To make our application complete, it is necessary to
relate the pressure difference between the basins (which enter our problem through
the undisturbed depth H) to the wind field. To do so, we position our model so that
the gap and the separating walls are meridional, and consider the following familiar
model for the general oceanic circulation,

g’ 0 5 TS(X)

—fV=§a(h)+—p (29)
g o

fU=—§$(h2)—KV, (30)

where, f = f, + By, U and V are the vertically integrated transports in the x (east) and
y (north) directions, 7% is the surface wind stress in the x direction, p the water
density, and K is the coefficient of interfacial friction [i.e., K = apw,wherew ~ O(R;)
is the width of the boundary current and « is a coefficient of order unity]. Eq. 29 holds
both in the sluggish ocean interior away from the western boundary and in the
western boundary current where the flow is geostrophic in the cross-stream direc-
tion. In this model, energy is supplied by the wind over the entire ocean and is
dissipated through interfacial friction within the western boundary current. Since the
associated frictional force is directed along the boundary it is not present in (29).

Integration of (29) from the western to the eastern boundary gives the (square of
the) sea-level difference,

g Lo,
S —m) = [ (1)

where the subscripts “w” and “e” denote association with the western and eastern
boundaries, L is the basin’s length (L > R;) and it has been assumed that there is no
net transport within the cross-section (i.e., the boundary current transport cancels
the Sverdrup transport). Elimination of the pressure term between (29) and (30)
gives,
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Figure 12. Side view of the wind set-up model. Here, the basins are of equal length and the
upper layer depth vanishes along the eastern boundaries.

which also can be integrated across the basin to give

1 Lan‘)
KpJdo gy ™7

V,= (32)
where the transport along the eastern boundary has been neglected and Vi, is the
vertically integrated transport (of the boundary current) along the western wall.

The simplest possible case that we can consider is that where there is no significant
wind stress curl (d7,/dy = 0) so that there is no significant western boundary current
(V. = 0). Under such conditions, our approximation of no initial current in the inner
basin (made earlier in our development) is appropriate. Our separate assumption of
no initial upper layer in the outer basin implies that we need to consider the special
case where the thermocline vanishes along the eastern boundary. This is probably
not such a bad approximation because it is the difference in the square of the depths
(along the separating wall) that is taken into account in the transport calculation. For
basins with equal length this difference is identical to that given by A, = 0 (see
Fig. 12).

Under such conditions, a combination of (31) and (28) gives the simple useful
relationships for the transports,

L L
T1=J; -rs(x)dx/fop ; T2=0-6004J; T§x)d7€/f0p

Ty = 03996 [ "+ dx/fyp. (33)
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Recall that T; is the (inner basin) northward transport upstream, T; the transport
through the gap and T, is the remaining inner basin transport downstream (Fig. 3).
As mentioned, even though there was no boundary current in the inner basin to
begin with and there is no wind stress curl, a nonlinear boundary current is
established due to the gap.

This completes our derivation for the transports as a function of the wind stress.
We shall now proceed and discuss its application.

b. The Windward Passage. This passage is located approximately at 18N (correspond-
ing to fy = 1.3 x 1073 sec™!) and the annual average wind stress across the Atlantic
Ocean to the east is about 1.5 dyn/cm? (see e.g., Hellerman and Rosenstein, 1983).
Taking into account an oceanic width of L = 6000 km and the above parameters,
relation (33) gives, T; = 20 Sverdrup, T, = 12 Sv, and T3 = 8 Sv. These values are in
qualitative agreement with previous estimates (see e.g., NO). Also, the directions of
all the currents (upstream and downstream) agree with the observed flows, i.e., the
origin of the transport is in the northeastern part of the inner basin (region 3, north
of Hispaniola) and the remaining transport flows to the northwest (region 2, north of
Cuba).

Note that the advantage of our newly suggested method of computation is that, in
contrast to most methods (e.g., NO), it does not require a detailed knowledge of the
thermocline structure in the vicinity of the gap (i.e., depth and stratification), nor
does it require an estimate of the flow in region 2 (needed in the NO method).

c. The Indonesian throughflow. The entrance to the Indonesian passages is approxi-
mately at 5N (corresponding to f; = 1.3 X 1075 sec™!) and the annual average wind
stress across the Pacific Ocean to the east is about 0.4 dyn/cm?. Taking into account a
width of L = 16,000 km, (33) now gives, T}, = 50 Sv, T, = 30 Sv, and T = 20 Sv. As in
the Windward Passage case, the predicted amount of water flowing through the
passages (T3) agrees roughly with the observed values (see e.g., Wyrtki, 1961; Piola
and Gordon, 1984; Fine, 1985; Fu, 1986; Meyers et al., 1995, and Fieux, 1994).
However, in contrast to the Windward Passage case, the predicted origin of the
throughflow does not agree with the observations. The above theory predicts that the
throughflow originates in the South Pacific whereas observations suggest a North
Pacific origin (Fine, 1985; Lukas et al., 1991; Ffield and Gordon, 1992).

Interestingly, the linear analytical computations of Godfrey (1989), Godfrey et al.
(1993) and Wajsowicz (1993a,b), all of which are based on the so-called “island
rule,” also suggest a southern origin for the throughflow. They argue that the
discrepancy between their linear theory and the observations is due to strong
horizontal diffusion acting over long distances which masks the actual origin of the
throughflow and gives the impression that the source is the North Pacific. While this
is certainly possible, it appears that, in our presently proposed nonlinear model, it is



1995] Nof: Choked flows 45

the neglect of the pre-existing (southward flowing) western boundary current in the
Pacific that is the culprit. Such a current can be incorporated by including the curl of
the wind stress but this is not as straightforward as it may seem to be because the
current enters both the sea-level difference and the front progression condition.
Attempts to include these processes in our computation are presently being made
and will be reported elsewhere.

d. Conclusions. The primary aims of both our theory and experiment were (i) to
establish a way of computing the transport through broad gaps in terms of the
wind-stress over the adjacent ocean, and (i) to determine the associated currents in
the vicinity of the gap. The inviscid exchange process is viewed as being the result of
opening a gate separating two initially unbalanced basins (Figs. 1, 2). Attention is
focused on the final steady state resulting from the gate removal (Fig. 3); the process
is highly nonlinear because both the amplitude and the Rossby number are of order
unity. The key to the construction of the nonlinear solution is the employment of the
integrated momentum constraint (eq. 13) which enables one to connect the upstream
and downstream regions without solving for the gap itself.
Our findings are:

1. An exact nonlinear analytical solution to the adjustment problem (Fig. 2) can
be constructed even if the Nof and Olson (1983) assumption of no alteration to
region 2 (Fig. 3) is relaxed. Although the Nof and Olson assumption that no
Kelvin waves can reach region 2 is reasonable, Rossby waves and eddies are
always present in the actual ocean. Such features can, of course, transfer
information to region 2 and alter its structure. Also, most gaps have neighbor-
ing gaps so that they are not isolated. Such adjacent gaps allow the information
to reach region 2 by Kelvin waves propagating anticyclonically around the
island separating the gaps (e.g., Cuba).

To compensate for the relaxation of the NO condition of no alteration to
region 2, it is assumed that (/) the gap is broad enough so that fluid in the center
of the gap does not feel the presence of the walls, and that (i) the width of the
penetrated current does not vary as one proceeds from the downstream edge of
the gap to region 3.

2. With the above approximations, the transport through the gap is 0.3996
(g'H?/2fy) which is only 40% of the total upstream transport generated by the
adjustment.

3. Laboratory experiments clearly support the concept that only a fraction of the
generated upstream transport flows through the gap (Figs. 7, 8). In the
laboratory, the transfer of information (to region 2) occurred via Kelvin waves
traveling counterclockwise along the circumference. Such waves are obviously
absent from many oceanic situations (because the basins are not closed) but, as
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mentioned, in the ocean, eddies and Rossby waves play a role equivalent to that
of the laboratory Kelvin waves and there is usually more than one gap in the
boundary so that Kelvin waves can reach region 2 by propagating clockwise
around the land that separates the gaps.

Quantitative numerical experiments using the Bleck and Boudra reduced-
gravity isopycnic model provide a still stronger support for the theory. Such
experiments were done by removing a conceptual partition separating two
basins (Fig. 9) and studying the resulting time-dependent adjustment process.
The numerically predicted transports are in excellent agreement with the
analytical predictions (Fig. 10). The assumption of one dimensionality away
from the gap is also confirmed (Fig. 11).

For the special case of no wind stress curl in the adjacent ocean (i.e., 379/ dy =
0 implying no pre-existing western boundary current) it is possible to relate our
transport computations directly to the wind field (Fig. 12). One finds that the
nonlinear transport through the gap is simply 0.3996 f% 7% dx/f, p (where 7% is
the zonal wind stress and p is the water density) and that 0.6004 5 =% dx/fyp
flows as a boundary current in the inner basin. This implies that gaps may be
partially responsible for the generation of western boundary currents and that
numerical models which ignore gaps may not provide us with the correct
answers.

. Application of the above theory to the Windward Passage shows that both the

observed transport and the observed origin of the water (southeast of the gap)
agree qualitatively with the theoretical predictions. This is probably due to the
fact that, indeed, there is no pre-existing western boundary current northeast of
Cuba and Hispaniola. Namely, most of the westward flow in the Atlantic and
the resulting western boundary current enter the Caribbean much farther to the
south; this flow later penetrates into the Gulf of Mexico and eventually forms
the Florida Current and the Gulf Stream.

. Application of the theory to the Indonesian throughflow, on the other hand,

shows that while the observed transport agrees qualitatively with the theoretical
prediction, the origin of the actual throughflow appears to contradict the
theoretical prediction. Interestingly, this somewhat problematic aspect of our
nonlinear theory agrees with some previous linear theoretical predictions. It is
believed that the discrepancy between all of these theories and the observations
results from the neglect of the nonlinear Mindanao Current. That is to say, the
discrepancy is probably due to our neglect of the wind stress curl and the
resulting pre-existing western boundary current which approaches the gap from
the north and cannot be ignored. This latter aspect is presently being investi-
gated and will be reported elsewhere.
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