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ABSTRACT

Godfrey’s Island Rule is rederived in terms of the barotropic streamfunction for flow in a stratified ocean
with a rigid lid. Modifications to include bottom topography and frictional effects along eastern boundaries are
derived. The “Island Rule” has an important application in describing the net transport through the Indonesian
seas, that is the Indonesian Throughflow. The original rule, derived from a Sverdrup model, yielded an annual
mean throughflow of 16 + 4 Sv (Sv = 10° m® s™'). Observations of depth-integrated steric height differences
indicate that frictional effects within the Indonesian seas will reduce this value by the order of 2 Sv. The reduction
estimated from a frictional channel model depends on the parameterization and boundary conditions adopted,
and ranges from 5%-20%. Topographic effects could give an increase in transport. For example, if the archipelago
is represented as a simple sill, then warmer water on the Pacific slope than on the Indian slope would produce
an increase in transport.

A diagnostic island rule for describing interannual variations is proposed. This rule expresses the throughflow
as a line integral of the wind stress from the tip of Iria-Jaya along a line of latitude across the Pacific down the
South American coast back along a line of latitude across the Pacific to the southern tip of Australia and up
Australia’s west coast, the original rule, plus a modulation due to the difference between the depth-integrated
pressure on the Australian coast at the northern and southern entrances to the Indonesian seas in excess of that
required to balance the alongshore wind stress. Frictional and hydraulic effects, which could produce an excess

VOLUME 23

pressure difference, are illustrated with a fine-resolution GCM.

1. Introduction

Godfrey (1989) explicitly derived an Island Rule
based on a Sverdrup model with simple western
boundary-layer dynamics, which gave the transport
around a midocean island. A similar formula had been
adopted by Veronis (1973) but not explicitly stated.
The rule is of topical interest in its application to quan-
tifying the magnitude of the Indonesian throughflow
and the forcing, which determines its absolute value
and variability. From the island rule, the mean depth-
integrated throughflow is driven by the Sverdrup
transport integrated across the Pacific and meridionally
averaged over the latitudes of Australia-Papua New
Guinea (PNG) plus a component due to integrating
the alongshore wind stress around Australia—PNG.
Numerical general circulation models of the mean
global ocean circulation, which incorporate the pas-
sages of the Indonesian archipelago as a wide and deep
channel, yield depth-integrated transports of about 15
Sv (e.g. Cox 1975; Semtner and Chervin 1988; and
Hirst and Godfrey 1993). This is in close agreement

Corresponding author address: Dr. Roxana C. Wajsowicz, Mail
Code 971, Oceans and Ice Branch, NASA /Goddard Space Flight
Center, Greenbelt, MD 20771.

© 1993 American Meteorological Society

with Godfrey’s island rule estimate of 16 + 4 Sv (Sv
= 105 m3s~!). No direct observational confirmation
of this value has been published. However, Gordon
(1986) found that about 10 Sv would be consistent
with balancing the global heat and salinity budgets,
assuming the Indonesian seas were the only route for
the warm surface waters to transport their heat from
the Pacific to the Indian Ocean. Also, Godfrey (1989)
calculated a depth-integrated steric height difference
between the west coast of Australia and Sumatra of 30
m?, using Levitus’ (1982) climatological hydrography.
For latitudes 9°-12°S, this implies a geostrophic
throughflow of 10-13 Sv.

More recent efforts have concentrated on describing
the variability of the throughflow on seasonal and in-
terannual time scales, for example, Kindle et al. (1989),
Murray and Arief (1988), and Inoue and Welsh
(1993). Wyrtki (1987) hypothesized that the through-
flow is driven by a pressure head between the Pacific
and Indian oceans, and looked for correlation between
its magnitude and the sea-level difference between Da-
vao, Philippines, and Darwin, Australia. Davao was:
found to be a poor indicator of sea-level variability in
the western Pacific, as the signal is contaminated by
the high-frequency fluctuations of the unstable Min-
danao Current and other off-equatorial signals, as noted
by Clarke (1991). These studies have not answered the
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fundamental question of what sets the pressure head
between the Pacific and Indian oceans.

A mathematical framework based on the equations
of motion and boundary conditions set out in section
2 is used to reconcile the various hypotheses and de-
scriptions in sections 3 and 4. Godfrey’s island rule,
which assumes any western boundary to the ocean is
remote, is rederived in section 3 with several alternative
expressions allowing for multiple islands and topog-
raphy. If an island lies within a western boundary layer,
then frictional effects will be important along the is-
land’s west as well as east coast. This is discussed in
section 4, and estimates are made for Stommel and
Munk parameterizations of friction. A diagnostic rule
for describing interannual variations in the throughflow
is proposed. The rule is formulated to show how the
dynamics of the Indonesian seas will modulate the
“ideal” value given by the Pacific/Australian wind
stress. The modulation is due to the unknown factor
of the change in depth-integrated pressure along Aus-
tralia’s west coast, which is in excess of that required
to balance the alongshore wind stress. The excess could
be due to frictional or hydraulic effects for example.
Although it may not be feasible to investigate depth-
integrated pressure variations between the tip of Iria-
Jaya and, say, Darwin based on past records, it could
be a future project. Also, such a relationship could be
investigated in the many numerical modeling studies
underway. Finally, in section 5, several aspects of the
dynamics of the Indonesian seas are briefly illustrated
through results from a fine-resolution GCM, which had
been run for ENSO studies.

2. Basic equations of motion and boundary
conditions

The existence of a streamfunction, ¢ for the depth-
averaged flow, given by

0 0
Yx = f vdz, ¢, = ‘_f udz,
-H H

(2.1)

where z = —H(x, y) is the ocean floor, may be deduced
by vertically integrating the continuity equation and
making the rigid-lid approximation (w = 0 at the sur-
face). The depth-averaged, linear, horizontal momen-
tum equations for a stratified ocean, subject to a wind
stress 7, are
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and where V), is the horizontal gradient operator, and
Ds, Dp are the surface and bottom pressures, respectively.
The depth-integrated frictional stress is represented by
the term F; it is not necessary to specify its exact form
for the following calculations. Performing the operation
curl = k- V; X on (2.2) yields the barotropic vorticity
equation

oolyon)- {5

K
= J[P, H] + curl r + curl =
poH

IR (24)

where

Jla, bl = ab, — a,bx. (2.5)
For a closed, simply connected basin, the form of F is
chosen so that (2.4) is a prognostic equation for ¥,
given the boundary condition that y is a constant, usu-
ally taken as zero, along the basin’s boundary. The
requirement on the form of F for the solution to be
uniquely determined is given in the Appendix. If ¥
involves derivatives of ¢ higher than the first, then fur-
ther boundary conditions on y will need to be specified.
For example, if F = —A4,, V[V X (yk)], then the no-
slip condition that the normal component of V,y is
zero on the boundary is usually chosen. The uniqueness
of the solution for variable bottom topography and
stratification will depend of course on the uniqueness
of solution to the prognostic equation for p and
boundary conditions.

If the domain includes an island, then (2.4 ) is solved
with the extra boundary condition that there is no nor-
mal flow, and so ¥ = y(¢) on the island’s boundary.
A prognostic equation to determine ¥, (¢) uniquely is
obtained by integrating (2.2) around its coastline of
and assuming P is single-valued around the island,
which gives

1
—f;l I7 Vi X (k) @l

1
=9 PV,H-dl+ ff — (l + F)- a, (2.6)
of a H\p,

where d/ is the infinitesimal displacement vector tan-
gent to d/. The Coriolis contribution has been elimi-
nated as the no normal flow boundary condition im-
plies V@ - d/ = 0.

The depth-averaged pressure p,P is determined by
solving the elliptic equation given by V- [ H X (2.2)],
namely,
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Vi (HV,P)=fViy + By, + V, - (PHV,H)

n v,,-(plﬂv). (2.7)

The time-dependency of P is contained in its boundary
conditions, which express Kelvin waves propagating
information about changes in P along the coasts. Ap-
plying the operator (n«d, + 1 f) to (2.2), and noting
¥; = 0 on a boundary, gives

VhPE-n+fV;,P-l=(n-6,+l~f)

[?VhH+ +£] on 9B, (2.8)

poH H

where n, 1 are the normal and tangent vectors to the
coast B, defined so that 1 = k X n. The time scale of
variations in P will depend on the baroclinic phase
speeds of the vertical modes of the system, and so P
will vary on a quite different time scale from y.

The quantities P, P given in (2.3) are best illustrated
by considering a two-layer system with a rigid lid. Sup-
pose fluid of density p; and mean depth H; overlies
fluid of density p, and mean depth H,(= H — H,),
and let 7 denote a positive perturbation to the inter-
facial height. Assuming the system is hydrostatic, then

By _ D St gH - g(Hi=m),  (29)
P2
and
P=&+§g~—g'—(H%+2H1Hz—n2) (2.9b)
p2 2 2H ’

where g’ = g(p, — p1)/ p2 is the reduced gravity. There-

fore, from (2.3b),

‘P————~—(H2 2Hn +19%). (2.9¢)
The time variation of p, and P will be functions of p;,
n and thus functions of the external and internal mode
wave speeds. The time variation of ? is just a function
of the internal mode speed.

Analytic solutions for the circulation around an is-
land ¢, can be found if the explicit time derivatives in
(2.4) and (2.6) are neglected. For a flat-bottomed
ocean, ¢ will adjust to a time-varying wind-stress curl
or bottom-pressure torque via barotropic Rossby waves
of frequency w = —(8p)/(p? + ¢*) for wavenumber
(p, q). Therefore, the adjustment time scale outside
the western boundary layer to a wind stress of scale L
in a basin of scale Bis B/(BL?). For B ~ 4 X 10* km,
L~2X103km,8 ~ 2 X 107" m™'s7! the time
scale is 8 days. The other time scale of importance is
that to dissipate vorticity in a western boundary layer.
In a Munk model with viscosity coefficient A,,, the
equilibration time scale for a western boundary layer
is (82A4,,)7"/3, which for 4, ~ 10* m? s™! is 7 days.
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Therefore, if the oceans were flat and simply connected,
the streamfunction response to large-scale seasonal
wind-stress variations could be calculated from (2.4)
ignoring the time-derivative term. The time-derivative
term in (2.6) is negligible on time scales greater than
R/(B%Ax)'"3, where R is the ratio of the length of the
island’s boundary to its meridional extent. Explicit
expressions for ¥, are derived in section 3 and are in-
dependent of the exact specification of F, provided it
is assumed that vorticity is dissipated at the latitude of
creation in the western boundary layer. If the ocean
basin has variable topography, then the adjustment
time scale for ¥ will be much longer if the barotropic-
topographic Rossby wave speed is reduced significantly.
This will occur if there are regions where meridional
variations in H significantly reduce the effective 8, that
is, |1 —(fH,)/(BH)| < 1, or if there are regions where
0 < |fH,|/(BH) < 1. An expression for y is derived
in section 3 for explicitly varying topography. The to-
pographic rule describes the response to wind stress
and bottom pressure variations on time scales longer
than the barotropic-topographic Rossby adjustment
time scale and western boundary layer equilibration
scale. The PV, H variations could be due to explicit
buoyancy forcing or to the baroclinic adjustment as-
sociated with the response to varying wind stress. In
the latter case, the topographic rule could be used in a
diagnostic mode only. On time scales longer than it
takes baroclinic Rossby waves to cancel the wind-

" driven flow at depth, Y is given in terms of the explicit

wind and thermohaline forcing.

3. Island circulation for a remote western boundary

An example of the geometry considered is shown in
Fig. 1. Any western boundary to the ocean is sufficiently

FiG. 1. The geometry and paths used to derive the island rule
(3.3). The path oD (— ) is from point 4 westward to B, then south-
ward along the east coast of the island to C, then eastward to D, and
northward along the basin’s east coast to 4. The path 3D’ (— ) is the
same as dD with the leg BC replaced by B’C’ lying on the interior
edge of the western boundary layer. The path I (— ) is anticlockwise
around the island boundary.
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remote from the island under consideration that fric-
tional effects on the island’s boundary are assumed
negligible except along its east coast. In both this section
and the next, H is assumed to take a constant value
Hy, unless stated otherwise. The depth Hy can represent
the actual depth of a flat-bottomed ocean, in which
case the value of ¥ on the island ¥, describes the re-
sponse to a wind stress varying on time scales longer
than the barotropic Rossby adjustment scale. Alter-
natively, if there is a level of no motion below which
the pressure gradients are zero, then H, can be inter-
preted as its depth, but then y, is the response to a
wind stress varying on time scales longer than the
baroclinic Rossby adjustment scale. For the sake of
argument, the ensuing discussion will be for a flat-bot-
tomed ocean. The modification due to explicitly vary-
ing topography is given in (3e).

a. Original island rule

Integrating (2.4) over the domain D (denoted by
ABCD in Fig. 1) with boundary 4D, neglecting the
time-derivative term and applying Stokes’ theorem,
yields

T

USRS S B 38 STANERY
D Po oD

where fy, fs are the values of the Coriolis parameter at
¥n, Vs, the northernmost and southernmost latitudes
of the island, respectively, and d/ is an infinitesimal
line element tangential to dD. From (2.6), neglecting
the time-derivative term,

f "dl=—j§ F-dl.
ol Po a1

Therefore, if it is assumed that frictional effects are
only significant over the western boundary layer, spe-
cifically the section BC of both dD and 47 in Fig. 1,
then the friction terms may be eliminated between (3.1)
and (3.2) giving an explicit expression for ¥; namely,

-1 (x, y, 1) - d/
vl =55 '

The expression (3.3) is just the “Island Rule” derived
by Godfrey (1989) for the climatological mean cir-
culation assuming there existed a level of no motion
above all of the topography. A more physically intuitive
form of the island rule (cf. an aerofoil ) is obtained by
noting that integrating (2.4) over the domain with
boundary D' (AB'C'DA in Fig. 1, where B’ = C' lies
Jjust outside the western boundary layer) gives
U= fobn=-$ Z4,
oD’ Po
where ¥ is the meridional average over the latitudes
of the island of the net northward Sverdrup transport
between the island and the boundary to the east.

(3.2)

(3.3)

oD+al Po

(3.4)
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Therefore, assuming that the western boundary layer
is sufficiently thin that the integral of the wind stress
around 8D’ may be performed around aD, then (3.3)
may be rewritten as

r(x, y,t)-dl
(fN _f:T) or Po )

It is important to note the implicit assumptions con-
tained in assuming that the frictional term in the line
integrals along 8D and 9/ is only important along sec-
tion BC. For 8/, this implies that the island is suffi-
ciently remote from any western boundary to the ocean
that no part of the island lies within its boundary layer.
For 3D, it implies that vorticity is dissipated at the
latitude of creation in the western boundary layer, so
that the boundary-layer thickness tends to zero at the
island tips.

Yo(1) = ¥p(t) — (3.5)

b. Multiple island rule

The dependence of ¥, on the local wind stress and
that to the east enables a ready calculation of { on a
chain of islands (see Fig. 2). Using a similar method
to that previously described, the value of y on an island
to the west of first is

Y, Yo ——
wm=$%m+ﬁwm

_ 1 (x,y, t)-dl
(fvr — fs7) Jograr 0o ’

where Y is the meridional extent of the westward is-
land, and Yy, is that of the overlap of the two islands.
The meridionally averaged Sverdrup transport over the
latitudes at which the westward island is exposed to
the east coast of the basin is Y, and the meridional
extent of this exposure is Yg(=Y — Yy). The paths
al', 4G are the boundary of the westward island and
around the gap between the two islands (see Fig. 2).

(3.6)

FIG. 2. The geometry and paths used to derive the multiple,
overlapping island rule (3.6), where Yg = yvv — ¥n, Yo = In — Vs
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The difference in f between the northernmost and
southernmost tips of the westward island is fy- — f5-.

¢. Application to the Indonesian throughflow

If the Indonesian sills were sufficiently deep, so that
the JEBAR (Joint Effect of Baroclinicity and Relief;
e.g., see Huthnance 1984) term J[?, H]in (2.4), and
the bottom pressure term §,,PV, H-d/in (2.6), could
be neglected, and if the straits were sufficiently wide,
so that frictional effects along the west coasts of Aus-
tralia-PNG, Sulawesi, etc. could be neglected, then a
combination of (3.3) and (3.6) could be used to give
an estimate of the magnitude and variability of the
depth-integrated Indonesian throughflow. Ignoring
New Zealand, the magnitude and variability of the net
throughflow would depend only on the zonal wind
stress across the Pacific at the northernmost and south-
ernmost latitudes of Australia~PNG and the alongshore
wind stress along the west coasts of Australia and South
America. This simple result would be invalidated only
if the East Australia Current and equatorial currents
were highly nonlinear, so modifying (2.4) and (2.6),
or if frictional effects were important other than in the
western boundary layer. A simple, flat-bottomed nu-
merical GCM of the Indo-Pacific region forced by
Hellerman and Rosenstein’s (1983) climatological
monthly mean wind stress just over the Pacific de-
scribed in Wajsowicz (1993a) gave good agreement
with (3.5) for Australia-PNG, but less so with (3.6)
for Halmahera, a small island spanning the equator
west of PNG. Its meridional extent is not sufficient for
dissipation in its western boundary layer to dominate
that in the vicinity.

The preceding suggests that useful insight into the
throughflow variability could be obtained from cal-
culating the wind-stress integral in (3.3), or (3.6) if
New Zealand is taken into account, from available
wind-stress data. The region that sets the mean value
and that which gives the variability on relevant time
scales could be identified. Evaluation of the integral
using Hellerman and Rosenstein’s (1983) monthly
mean wind stresses on a 1° X 1° grid gives a mean
throughflow of 18 Sv. The value would be about 2 Sv
lower if New Zealand were ignored. The contribution
from along 45°-55°S dominates the integral, account-
ing for about 11 Sv. The contribution from the equa-
torial zonal wind stress is about 6 Sv. For modeling
studies, this implies that to get the full magnitude of
the annual mean throughflow, the domain of a nu-
merical model would have to extend from the equator
to south of Australia, or to have open boundary con-
ditions. The annual cycle dominates the variability with
a peak-to-peak amplitude of about 6 Sv. The integral
is @ minimum in February and a maximum in July.
The variation is chiefly attributable to the monsoonal
winds over NW Australia and PNG.

Investigation of the wind-stress integral on inter-
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annual time scales is difficult. The study of the ENSO
phenomenon has led to quality datasets of the tropical
regions, but those for 45°-55°S are sparse. Data from
numerical weather prediction models are a possibility,
but most are currently undergoing reanalysis. Results
using the European Centre for Medium-Range
Weather Forecasting’s winds at 1000 mb for the period
1980-86 and those of the Japan Meteorological Agency
for 1987-89, and COADS (Comprehensive Ocean-
Atmosphere Data Set) pseudo-wind stresses for 1970-
79 are described in Wajsowicz ( 1983c). Briefly, there
is a strong interannual signal with a peak-to-peak am-
plitude of ~5 Sv. Typically, there is a sharp drop, co-
inciding with the onset of an ENSO event, followed by
a gradual increase. The variability results as much from
the variation in zonal wind stress in the south Pacific
as from that along the equator.

d. Depth-integrated pressure differences

In discussing the Indonesian throughflow and its
variability, the pressure head between the Pacific and
Indian oceans is often hypothesized as driving the time-
mean throughflow and variations of sufficiently low
frequency for geostrophic balance to be assumed (e.g.
Wyrtki 1987). Wyrtki (1987) did not derive an explicit
equation relating the variation in sea level difference
between Davao and Darwin to variations in the
throughflow, but it is likely that his calculations were
motivated by considering the cross-stream component
of (2.2). Integrating across the stream between the
Asian and Australian continents (see Fig. 3), assuming
geostrophic balance, and neglecting the frictional and
wind-stress terms, yields

HoAPrg = — % (v + fs)do.

Also, it is assumed that the channel is sufficiently nar-
row that either for V., - n is constant. Of course in-

(3.7)

Asia-Java

w=0

w=y,

Australia-PNG

F1G. 3. A schematic of the Indo-Pacific with the connection be-
tween the Pacific and Indian oceans represented as a wide channel.
The depth-averaged pressure difference, APg,sr is the difference be-
tween points B and G, and APwgst is the difference between points
Eand F.
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tegrating the time-independent form of (2.2) around
similar integrals to those used to derive (3.3) gives a
pressure difference APxs, which when equated to (3.7)
gives Godfrey’s island rule with the extra assumptions
already stated.

The depth-integrated pressure difference along a
boundary may be calculated from (2.8), if the explicit
time-derivative in P can be neglected. This occurs on
time scales longer than it takes Kelvin waves to smooth
out gradients along the coast. For a continuously strat-
ified ocean, the time scale is infinite, so only the equi-
librium pressure head to a steady wind stress can be
determined. If the first baroclinic mode dominates,
then shorter time scale variations may be described. If
the boundary intersects the equatorial waveguide, then
the equilibration via equatorial waves must also be
taken into account. The equilibrium pressure heads
along the west Australian and east Asian coasts, due
to a steady forcing, are given by

Pr(x, y)

HyAPgpst = f dl, (3.82)
G Po

E
H()APWEST = f [M + F} 'dl, (38b)
F Po
respectively, assuming the ocean is flat and Australia-
PNG lies outside the Asian western boundary layer,
see Fig. 3. Also, the cross-stream component of F is
assumed negligible in the western boundary layer. The
friction integral may be determined in the same way
as (3.1), with 4D replaced by BEGFB in Fig. 3, which

on substituting into (3.8b) gives

HoAPwest = —(fv — fs')¥o + f X)), dl.
FGBE  Po

(3.8b")

If the time-mean wind stress over the Indonesian seas
is negligible compared with that over a similar path
length in the Pacific, then the equilibrium depth-in-
tegrated pressure difference is directly proportional to
the magnitude of the equilibrium depth-integrated
throughflow. However, in a flat-bottomed ocean, the
depth-integrated throughflow magnitude is not set by
the pressure difference between the Pacific and Indian
oceans as measured along one of the boundaries, but
by the Sverdrup transport in the Pacific and the wind
stress around Australia-PNG. The P field is determined
from the ¢ field and may vary on a quite different time
scale, as demonstrated by (2.7)-(2.8).

An estimate of APwgsr is available from Godfrey’s
(1989) depth-integrated steric height calculation, rel-
ative to 1500 mb, based on Levitus (1982) climato-
logical hydrography. From his Fig. 6a, HPwgsr/g
~ 100 m? at the Pacific entrance to the Indonesian
archipelago and ~50 m? at the Indian exit. Hence,
ignoring the wind-stress contribution and taking fy
~ 0, fsr =~ f(12°S) = 3 X 1075 57!, then (3.8b’) gives
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Yo € —16 Sv. The constant of proportionality (fy
— fs/) in (3.8b’) is very small, and the result is very
sensitive to the choices of f, which varies rapidly over
equatorial latitudes. A similar consideration holds for
(3.7). The small proportionality constants could help
explain the poor correlation between throughflow and
sea-level difference between Davao and Darwin found
by so many authors.

e. Topographic effects

Assuming that the wind stress and bottom-torque
variations are on time scales much greater than the
barotropic-topographic Rossby adjustment time scale,
then an island rule may be derived explicitly for the
case of bottom topography that varies arbitrarily, but
not zonally along the latitudes of the northernmost
and southernmost tips of the island eastward of the
island. If Hy, Hj are the depths of the ocean at these
latitudes, then following a method similar to deriving
(3.3), but retaining the bottom pressure terms in (2.4)
and (2.6), yields the topographic island rule

;fl - "‘fi = —
(HN Hs)‘l/o(t) imm{?’(x, y, OV H
+ } . (3.9)

As well as the actual bottom topography, H may be
interpreted as a combination of bottom topography
and a level of no motion, below which the pressure
gradients are zero, for the equilibrium response to a
steady forcing. The level of no motion may intersect
the bottom topography because a sill penetrates into
the mixed layer, or a level of no motion may not exist
in a region because of a deep thermohaline circulation.
For the Indonesian throughflow, fs < 0, fy ~ 0, and
the wind-stress integral is positive, so giving Yo < 0 in
the absence of topographic effects. Since pressure typ-
ically increases with depth, the depth-averaged pressure
will be less than the bottom pressure, and so 7 given
by (2.3b) is positive. If P is uniform over the slopes
of a sill between basins of equal depth, then there is
no effect on the throughflow magnitude. However, if
the west Pacific/eastern Indonesian archipelago is
warmer, then P will typically be less positive over the
upslope, that is, where V,H-d/ < Q, than over the
downslope of the sill. This can be easily seen for a two-
layer system by considering (2.9c). If p,(Pac)
< p1(Ind), other quantities being equal, then P (Pac)
< P(Ind). Therefore, the integral of PV, H - d/ over
the sill is positive, and so ¥, is more negative, and there
is an increase in the throughflow magnitude (see Fig.
4). A perturbation that lowers the thermocline in the
west Pacific will have the same effect [see (2.9¢)]. The
result is sensitive to details of topography and the den-
sity field, but it does suggest that the throughflow has
a modulating effect on the west Pacific warm water
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FIG. 4. A schematic of the PV, H effect
on the Indonesian archipelago.

pool. The throughflow irreversibly transports heat from
the Pacific to the Indian Ocean. An increase in heat
input into the pool will be compensated to some extent
by an increase in heat leaving the pool through the
archipelago.

Hirst and Godfrey (1993) report a sensitivity in the
depth-integrated throughflow to sill depth in their GCM
integrations. For a single channel and sill, the net
throughflow was 21-24 Sv for a sill depth in the range
1250-2800 m, and 16 Sv for a depth of 3700 m. Their
results suggest that there is a source for a buoyancy-
driven flow between the Pacific and Indian Oceans at
mid-depth. The floor of the Pacific Ocean is not flat,
but slopes upward from the west to east Pacific. Based
on numerical GCM studies, Ishizaki (1993) has pro-
posed that this zonal gradient leads to a mid-depth
branch of the Pacific thermohaline circulation; such a
branch does not exist for the Atlantic Ocean. Rhines
and McCready (1989) have noted a similar hypsometric
effect, confirmed by laboratory experiments. Enhance-
ment of transport due to a PV, H effect has also been
noted in the context of the Antarctic Circumpolar
Current and Drake Passage (e.g., Gill and Bryan 1971).

Equation (3.9) shows the complex correlation that
may exist between the time variations in throughflow
magnitude and depth-integrated pressure. The weak
correlation with pressure variations due to wind-stress
forcing, as described by (3.7) and (3.8b’), will be further
contaminated by the signal from density variations over
the sloping Indonesian topography. The equivalent to
(3.7) is somewhat unhelpful, unless it is possible to
measure the pressure difference across the stream be-
tween the Asian and Australian continents at a point
where H does not vary, so giving (3.7).

4. Island circulation for a near-western boundary

a. Island rule with friction

A further theoretical consideration, with important
application to the Indonesian throughflow problem, is
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the modification to (3.3 ) if part of the island lies within
the basin’s western boundary layer (see Fig. 5). In the
derivation of (3.3), the frictional terms in (3.1) and
(3.2) no longer cancel; there is a contribution from
the west coast of the island to the integral along 41 and
part of the integral around dD remains if part of the
island’s east coast lies in the boundary layer. Hence,

-1 (x,y,t)-dl
volt) = (v — fs) Jop+ar Po

1
* (v — f5) Jror

Considering Fig. 5b, the contribution to the friction
integral from the BP leg will be negligible compared
to that from the RQB leg if the meridional extent of
RQB is much larger than the length BP.

F-dl. (4.1)

FIG. 5. The geometry showing an island lying partially within the
basin’s western boundary layer. Only part of the island’s west coast
lies in the layer in (a), but all of its west coast plus part of its east
coast in (b). The latitude yy-is Pin(a)and Bin (b), and the latitude
Vs is R in both (a) and (b). The extent of the western boundary
layers are denoted by a dotted line. The horizontal scales of the
boundary layers have been exaggerated.
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b. Estimates for Stommel and Munk friction

From (4.1), the value of ¥, will depend on the form
of F. An estimate of the decrease in Y, from Ymay, the
value given by (3.3), can be made for Stommel and
Munk forms of friction as follows. Suppose the area
between the island and boundary to the west is modeled
by a single channel of width W and length L with the
alongchannel axis at an angle 8 to the x axis. Further
suppose that W/L < 1, so that d; derivatives can be
neglected in comparison with 9,,, derivatives in the
barotropic vorticity equation (2.4). Then, for Stommel
friction of the form F = 45V, X (yk),

1
Fedl = —rdsyn|n=
(v — f5) Jrap s¥alnew
r 0
~ —z(cothi— 1),
where §g = As/(ﬁ sinf), 6 = W/és, and r = (yn~
— ysv)/(Yn — ys) is the ratio of the latitudinal extent

of RQP to that of the island (see Fig. 5). Hence, sub-
stituting in (4.1) gives

r -1
Yo = [1 +(e,5_ 1] Ymax-

If the channel width is much narrower than the Stom-
mel boundary-layer width, that is, § < 1, then (4.2)
reduces to

(4.2)

\bmax
(1+r/8)°

A similar calculation can be performed for Munk
friction, where F = — A4, V3(V, X (Yk). If W/L < 1,
and no-slip boundary conditions (¥, = 0 on n = 0,
W) are adopted, then

Yo(t) ~ (4.3)

1

F-dl =~ r53 =W,
(fN fS) ROP r M\bnnnln w

c@ + V358 — coshs

where 8 = (Ap/B sind)'’3, ¢ cos(V36/2), s
=sin(y36/2), € = cosh(8/2), & = sinh(5/2), and
now & = W/é,,. Hence, substituting in (4.1) gives

do ~ {1 f[e"/z(c-ks\/g)—e“’

2 | coshé — c@ — sV3&
If the channel width is much less than the Munk
boundary-layer width, that is, § < 1, then (4.4) reduces
to

5/2 +\/’3‘_—6
wz[e (c+sV3)—e ]¢

I

i

~1
” Vmax.  (4.4)

‘pmax

WO =T 125y

(4.5)
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If free-slip boundary conditions (¢, =
W) are adopted, then

1
v — f5) Jrap

For long, narrow channels, thatis, W/L < 1,6 <O(1),
the contribution from ¥, will dominate that from ,,,,,,
so the problem must be solved in full. In general, the
frictional reduction is negligible compared with that
for no-slip conditions for the same parameter values.

F.dl = ra;w(\bmzn - \blln)ln=W'

¢. Application to the Indonesian throughflow

Figure 6, which shows the geometry of the Indone-
sian seas used in the 1/2° X 1»2° GCM described later
in section S, illustrates the difficulty in estimating L,
W for the region. The relevant channels are all those
in which the western boundary current rubs up against
the west coast (or, e.g., 200-m isobath) of the many
islands. As the importance of the friction calculation
is to establish whether frictional effects are likely to be
sufficiently large to reduce the throughflow to a neg-
ligible size, it is useful to consider a range of parameters.
An upper limit on r is given by assuming the frictional
channel extends from the equator to 12°S. Hence, as-
suming Australia-PNG extends 45° of latitude, then
an upper limit on ris 0.3. The oceans’ western bound-
ary currents are observed to be of the order of 50 km
wide, corresponding to a friction coefficient Ag of 1/
(10 days) for8 ~2X 107" m~! s, Except for Lom-
bok Strait and a section of the Makassar Strait, which
are of order 70 km wide, most of the passages are in
excess of 100 km wide. Therefore, taking 6 ~ 1, r
~ 0.3 and substituting in (4.2) yields a frictional re-
duction of 15% on Ym.. If 6 were only Y2, because of
a larger friction coefficient or a smaller channel width,
then the reduction would be 30% for r ~ 0.3. The
reduction would be as high as 75% only if 6§ ~ 0.1. A
western boundary-layer width of 50 km corresponds
to a Munk friction coefficient of 45, = 5 X 10° m? s 7.
Taking 6 ~ 1, r ~ 0.3 and substituting in (4.4), gives
areduction in throughflow of 77%. This contrasts with
a Stommel parameterization for the same parameter
values. From (4.3), the reduction goes as § ! for Stom-
mel friction, but from (4.5), the reduction goes as 6 >
for Munk friction as 8 tends to zero. If § ~ 2, then the
reduction due to Munk friction would be 23%. The
no-slip boundary condition produces a very strong
frictional effect, and therefore a large reduction in
throughflow, for channels as narrow as the Munk
width. Observational evidence, discussed in the next
subsection, indicates that the throughflow is unlikely
to be reduced by O(75%) over the Sverdrup estimate
of 16 Sv. This implies that numerical models, for ex-
ample, GCMs, of the region using Munk friction and
no-slip boundary conditions could considerably un-
derestimate the throughflow unless care is taken in
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140°E

FI1G. 6. The barotropic streamfunction during July in a GCM of the tropical Indian and Pacific
oceans designed for ENSO simulations. The contour interval is 5 Sv in the Pacific Ocean and 0.5
Sv elsewhere. The instantaneous value of ¥ on each island is Borneo/Philippines: 2.8 Sv, Lombok/
Flores/Timor: —3.5 Sv, Sulawesi: —0.8 Sv, Sulu: 0.9 Sv, Halmahera: 2.2 Sv. The value on Asia

and Australia-PNG is set to O for all time.

specifying a geometry /topography suitable for the spa-
tial resolution.

d. Depth-integrated pressure differences

For the equilibrium response to a steady wind stress,
the friction term in (4.1) may be estimated from mea-
surements of the depth-averaged pressure difference.
Integrating (2.8) along RQP (see Fig. 5a) gives

T
F-d/ = HoAPgast — f — -« dl = HyAPgxcess.,

RQP RQP Po
and so substituting in (4.1) gives
-1 r-dl  HyAP
¢0 0 EXCESS ( 4. 6)

Ty —Js) Jorar po )

In this case, the pressure difference between the Pa-
cific and Indian oceans along the eastern boundary is
a measure of the throughflow magnitude in the sense
that it measures the reduction from the maximum
achievable for a wide channel, ignoring topographic
effects. From Godfrey’s (1989) Fig. 6a, the depth-in-
tegrated steric height decrease, relative to 1500 mb,
from the Pacific entrance of the Indonesian archipelago
to Sumatra, HAP/g is 50 m? at most. Godfrey also
states that there is an increase from Sumatra to west
Australia of 30 m?, implying a drop along the west
Australia coast of 20 m?. In the annual mean, the
alongshore wind stress is very weak. Therefore, from
(4.6), the reduction in throughflow is HAP/(fy ~ fs)
~ 2 Sv or 12% for fy =~ 0, fs ~ f(45°S). If PV, H
enhancement is ignored, then this reduction can be

taken as a measure of frictional effects. If PV, H effects
give a depth-integrated steric height increase of 50 m?
equivalent to an increase in throughflow of 5 Sv, then
the reduction due to frictional effects would be as high
as 70 m? or 7 Sv, that is, 40%.

The expression (3.7) is unchanged in this case, and
(3.8") becomes

HO(APWEST - APEAST)
- —(fN—fswowth )y

G+BE Do

The unsuitability of this type of expression for inves-
tigating the throughflow is even more apparent if fric-
tional effects are important, since then the pressure
differences between the west and east sides of the ar-
chipelago entrances and exits will be even smaller.

e. Topographic effects

Expressions similar to (4.2) and (4.4) can be ob-
tained for variable bottom topography with Yy,.x given
by (3.9). In deriving (4.2), (4.4), it was assumed that
the frictional effects due to the alongchannel gradient
in ¥ were negligible in comparison with those based
on the cross-channel gradient. However, if the along-
channel topography varies on a scale giving similar
gradients in y, a further correction would be needed.

£ Diagnosing interannual variations in the
Indonesian throughflow

A final consideration is that the throughflow trans-
port may be great enough that on passing over a nar-
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row, shallow sill the flow will be accelerated sufficiently
to make the nonlinear momentum terms neglected in
(2.2) important. Also the flow could achieve critical
speeds, and internal hydraulic jumps occur. The com-
plex dynamics of the Indonesian seas suggests describ-
ing the throughflow in terms of the depth-averaged
pressure difference between the Pacific and Indian
oceans, but carrying out an integral around the Pacific
as in establishing the island rule. Assuming topographic
and nonlinear effects are negligible outside the In-
donesian seas, then (4.6) is obtained, where now
APexcEss 18 interpreted as the depth-averaged pressure
difference on the Australian continent between the
northern entrance and southern exit in excess of that
required to balance the alongshore wind stress. Nothing
has been said about dynamics within the Indonesian
seas; the pressure difference could be due to frictional
dissipation, hydraulic, or PV, H effects.

Equation (4.6) is expressed as the equilibrium so-
lution for a steady wind forcing and buoyancy forcing.
However, the only approximations made in neglecting
the time derivatives in its derivation were that the wind
forcing and PV, H forcing in (2.4) occur in the global
domain on time scales greater than the barotropic-to-
pographic Rossby adjustment scale, and that P on the
Australian~PNG coast had equilibrated, and that the
western boundary layer had equilibrated. The decay
time scale for equatorial waves is of order 2 years, but
that for coastal trapped Kelvin waves is of the order of
months. Also, their phase speed decreases with in-
creasing latitude. Therefore, the adjustment time scale
for P on Australia-PNG, which intersects the equatorial
waveguide, is that for coastal Kelvin waves to propagate
around Australia-PNG and across the Pacific and back.
For a first baroclinic mode wavespeed of 3 ms™!, an
Australia-PNG boundary of 170° of latitude and Pa-
cific Ocean width of 140° of latitude, this is about 280
days. Therefore (4.6) is a possible diagnostic relation-
ship for investigating the depth-averaged throughflow
on interannual time scales and longer. It has advantages
over the equivalent “local” formulas (3.7) and (3.8'),
as it separates the throughflow variability into two fun-
damental components. The first is the wind stress in-
tegral around the South Pacific, which drives the
throughflow. Although, the Sverdrup gyres close in a
complex fashion by the Philippine coast so that the
throughflow appears to be of North Pacific origin, the
dynamical source is the South Pacific wind stress curl;
there could be a throughflow in the absence of the
Mindanao Current, but not the South Equatorial Cur-
rent. The second component is the pressure drop from
the tip of Iria-Jaya along the west Australian coast in
excess of that required to balance the alongshore wind
stress, and so is a “local” forcing. The PV, H effect
will typically give a depth-integrated pressure increase
across the archipelago, whereas frictional and hydraulic
effects will give a decrease.

Godfrey (1989) calculated the depth-integrated steric
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heights, relative to various depths, along the oceans’
eastern boundaries from Levitus’ (1982) climatological
hydrology. He compared them with those obtained
from his Sverdrup model driven by Hellerman and
Rosenstein’s (1983) climatological wind stress (see his
Fig. 8). He found good agreement, and specifically it
was much better than if he assumed the throughflow
was blocked off in his Sverdrup model. There was a
tendency for all the boundaries to show a greater vari-
ation in depth-integrated steric height than that re-
quired to balance the alongshore wind stress. This sug-
gests that one may want to take into account frictional
effects along eastern boundaries other than those due
to the proximity of the western boundary. In which
case, APpxcess in (4.6) would be interpreted as
APgasr(Australia) — APgast(South America), where
AP is measured from the latitude of the northern tip
of PNG to the latitude of the southern tip of Australia.
The error bars on Godfrey’s Fig. 8§ are sufficiently large
that one could choose a value of the total excess depth-
integrated pressure drop along the west coast of South
America and Australia-PNG, within the error limits,
that would be sufficient to cancel a large portion of the
throughflow. If frictional effects were so large, then
nonlinearity in the equatorial currents or East Australia
Current, not taken into account in the present theory,
must overcome the reduction, as observational evi-
dence does point to a throughflow of order 10 Sv.

5. Dynamical aspects of the Indonesian seas

Ultimately, the calculation of variations in the
throughflow due to the variation in the Pacific wind
stress, that is, (3.3), s a straightforward exercise given
quality wind-stress data. A more challenging task is to
understand the dynamics within the Indonesian seas
and how they will affect the throughflow as described
by (4.6).

An indication of the complexities of the flow in the
Indonesian seas can be appreciated from some results
already available from ENSO studies. Figure 6 shows
the barotropic streamfunction in July from a Bryan-
Cox numerical general circulation model (Cox 1984)
used in the TOGA-NEG intercomparison by Prof. T.
Yamagata and Y. Masumoto (personal communica-
tion). The GCM was forced by Hellerman and Rosen-
stein (1983) monthly mean wind stresses and a cli-
matological surface heat flux based on Oberhuber
(1988), which has a locally defined feedback if the sea
surface temperature exceeds the climatology. The GCM
was not designed to model the throughflow having
temperature as the only thermodynamic variable, and
indeed it was a limited domain; therefore, ¥ on Aus-
tralia~-PNG was set to the Asian continent value of 0.
Circulation was permitted around the various islands.
The basic zonal pressure gradient balancing the equa-
torial zonal wind stress develops across both the Pacific
and Indian Oceans, so the velocity field in the upper



1480

levels is realistic, though details may differ within the
Indonesian seas. The model has 1/2° X 1/2° resolution
with 20 levels in the vertical. There were 10 levels in
the upper 200 m; the other 10 were distributed down
to 4000 m. The bottom topography, as specified at grid
points for the prognosis of temperature (and salinity ),
was derived from an 1/3° X 1/g° dataset. In the rugged
domain of the Indonesian seas, averaging of the to-
pography in the prognosis of the horizontal velocity
field makes parts of the various straits shallower and
narrower at depth than they may be in practice, but
this is not necessarily unrealistic dynamically. The
model simulates the seasonal cycle in the upper Pacific
Ocean very well, but less so that of the Indian Ocean.
For the present purpose of illustration of various pro-
cesses, this is not of concern.

Figure 6 shows the complex fashion in which the
wind-driven gyres of the west Pacific close. The cir-
culation around each island is small (<4 Sv) through-
out the year, consistent with the multiple island rule
(3.6) and their being sheltered from the Pacific Sver-
drup flow. The relatively large circulation around Hal-
mahera and Borneo—Philippines is because of their ex-~
posure to the Pacific wind-driven flow. The circulation
around Lombok has a similar magnitude, but this is
due to the differing sill depths connecting the island to
Java and Australia and the large density gradient, which
develops between the island’s northern and southern
boundaries. There is considerable recirculation of the
Mindanao Current in the Celebes Sea, well in excess
of that required to feed the flow through the Makassar
Strait. Such a feature would be expected to carry
through to a full model, and is likely to contribute to
the freshness of the throughflow, as noted by Wajsowicz
(1993a). The net transport through much of the seas
is as a western boundary current, but the Makassar
and Lombok straits, the straits around Halmahera, and
that between Java and Borneo are notable exceptions.
Also, in the Java and Flores Sea, the zonal flow is quite
uniformly distributed, and not a narrow zonal jet as
Sverdrup theory with simple western boundary-layer
dynamics would predict. The lateral viscosity coeffi-
cient Ay = 2 X 10° m?s~!, so the Munk boundary
width (4,,/8)!/? ~ 46.5 km. Hence, the frictional re-
duction to the throughflow should be about 20% as
given by (4.4) with § ~ 2, r ~ 0.3. Looking at Fig. 6,
the quite uniform variation in y across the narrower
straits suggests that 6 may be effectively as low as 1,
due to the resolution at depth of the V-shaped channels.
In which case, the model could have a throughflow
reduction as large as 75%, taking r ~ 0.3. Until it is
computationally feasible to carry out interannual in-
vestigations using a much finer-resolution GCM, it
would seem better to adopt free-slip boundary condi-
tions to reduce the effect of friction.

Much of the throughflow is supposed to pass through
the Makassar Strait. Figure 7 shows a vertical section
of the. meridional velocity and isotherms through the
Makassar Strait in July. Unlike the section reproduced
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in Hughes (1981) of a section from the 1938 Snellius
expedition, the isotherms (or, in this model, isopycnals)
go through considerable vertical excursions. It may be
attributable to variations in local surface heat flux, but
it suggests considerable modification due to vertical
mixing and/or a pressure response to an accelerating
flow. The isotherms are particularly jagged at the nar-
rowest and shallowest part of the Makassar Strait (2.5°-
3°S in Figs. 7a,b) and at the northern entrance to the
Makassar Strait (1°-1.5°N in Fig. 7¢), as part of the
flow crosses a very shallow sill. A similar feature can
be found through the late fall. In winter the flow is as
fast, but the vertical shear is not so ldarge, and the iso-
therms just dip on crossing the sill. It is reminiscent of
two-layer hydraulics. If the flow accelerates to a critical
speed on the sill, then the flow is unstable to long-wave
perturbations if the difference in flow speed between
the two layers is greater than (gH)'/2, otherwise it will
be hydraulically controlled, see Wajsowicz (1993b) for
illustrations. In the model, the flow is accelerated to
speeds in excess of 0.5 m s™! over shelves as shallow
as 100 m, which suggests that the. flow could become
critical over deeper sills in a full model or if shorter
time scale fluctuations were included. Wyrtki (1961)
observed surface.currents of order 0.5-0.75 m s~! in
the Makassar Strait. The modeled flow through Lom-
bok Strait exceeded 0.5 m s™! except through the
Northern Hemisphere winter. Similar speeds were ob-
served by Murray and Arief (1988).

To estimate the channel width for which the
throughflow would become critical, suppose there is a
transport -of Y ~ 15 Sv over a sill of total depth 4
~ 200 m and a lower-layer depth 4, ~ 100 m. The
flow will reach critical speeds (the composite Froude
number >1) for strait widths

Y (1, 1\~
g'h(h%*h%) ’

which is ~25 km for a reduced gravity, g’ ~ 0.004 g.
In the absence of dissipation, if the flow is nonlinear
and subcritical throughout its passage along the strait,
then the isotherms should dip, corresponding to a de-
crease in pressure, and then return to their former level
on passing over a sill. If the flow becomes critical on a
sill, then the isotherms will not return to their upstream
level. A hydraulic jump will occur through which the
flow is matched to its downstream values. In the pres-
ence of dissipation, the behavior will depend on the
exact parameterization as described in Wajsowicz
(1993b). For dissipation in the form of Laplacian vis-
cosity in the momentum equations, the isotherms will
recover their upstream depth, but this will be increas-
ingly further downstream as the viscosity coefficient is
increased. For bottom friction in the form of a qua-
dratic drag, there is an irreversible pressure drop across
assill even for subcritical flows. In terms of the through-
flow, it is just this steady-state pressure drop, which
can be supported by friction, that will determine the
modification to the throughflow.

W<
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The final figure shows the zonally averaged merid-
ional streamfunction, ¥ between the tip of Iria-Jaya
and the Lombok Strait for July (see Fig. 8a). In sum-
mer, the circulation is confined to above the effective
depth of the Timor passage, and most is confined to
above 200 m. In winter, the circulation pattern is re-
versed, and there is also a gyre below 500 m of ~2 Sv,
which upwells at the sills of the southern exit and re-
turns northward. The pattern for heat transport is very
similar. A first sight, the circulation in Fig. 8 is quite
surprising. In summer, when the water is cooler in the
south than the north, one expects there to be southward
flow of the warm surface waters with a northward flow
of the cooler waters at depth. The lack of this circulation
in Fig. 8a emphasizes the importance of the depth-
averaged circulation and zonal variation in topographic
gradient across the Indonesian seas. In terms of the
streamfunction ¢ and baroclinic meridional velocity
D, the meridional overturning streamfunction is

0 rXAy) 0 Xz(y)lp
Y(y, z)=f f f)a’xdz+f f 22 dxdz.
z Jx) z Ix H
(5.1)

Supposing 9, ~ —gp,/f(or its nonrotating equivalent)
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FI1G. 7. Vertical sections along the central longitude lines in the
Makassar Strait. Temperature is contoured in bold lines and merid-
ional velocity in faint lines. The contour intervals are 0.5°C and 0.5
cm s~'. The temperature and velocity grids are staggered. The to-
pography at the temperature points is denoted by a bold shading,
and that at velocity points by faint shading. In (a) and (b), temper-
ature along 118.25°E is shown with the meridional velocity to the
west and east, respectively. In (¢), temperature to the east of (b) is
shown with meridional velocity to the east.

gives the classical picture of a thermohaline circulation
previously described. A simple example illustrates the
second term. Suppose ¥ = ¥, on an island between
two boundaries on which ¢ = ¢, and ¢ = {,, respec-
tively. Suppose the topography is flat between the island
and each boundary, but the connecting sills are of dif-
fering depths H,, H,(> H,), respectively, then

J’O J‘Xz(y) ‘;,xd ”
— dxdz
z I H

(
[%}‘4‘(—‘1——“1“)\[/0—’%22‘]2 —-H;<z<0

H, H,
E\‘Q‘F(l —“172)%”%

| _(%;2%) 4 HD,

_H2 <z< "'H],

which varies linearly with z and has a discontinuity in
gradient at z = —H,. A decomposition of ¥ in terms
of the contribution from the baroclinic and barotropic
velocity fields is shown in Figs. 8b, c. The sections where
the fields are similar but of opposite sign show the
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FiG. 8. The instantaneous zonally averaged meridional streamfunction during July for the section between the Asian continent and
Australia-PNG is contoured in (a), with interval 0.5 Sv. The components for the baroclinic and barotropic flow as given by (5.1) are
contoured in (b) and (c), respectively, with the same interval. The topography extends to depths in excess of 2000 m in places along 8°-
9°S on the 7-S grid. On the u-v grid there is an effective maximum sill depth of 460 m, denoted by the light shading.

baroclinic field adjusting to cancel the barotropic flow
below the depths of the sills, or vice versa, see Wajso-
wicz (1991). Referring to the local geometry and to-
pography, the various extrema in Fig. 8c correspond
to the various islands and differing sill depths on either
side. The surface-trapped feature of the circulation is
attributable to the relatively large circulation around
Borneo and the relative shallowness of the Java seas.
This could be of even more significance in a full model,
and suggests it would be wise to isolate Borneo from
the Philippines, so that its circulation was not unduly
influenced by the Sverdrup flow from the Pacific. From
Fig. 8a, the zonally integrated southward flow into the
Indian Ocean is only 4.5 Sv, which confirms the earlier
calculation that the straits are frictional.

Figures 6 and 7 and the ensuing discussion described
processes that could produce an irreversible pressure
drop across the Indonesian archipelago and so affect
the throughflow magnitude on interannual time scales
as expressed by (4.6). The seasonal variation in
throughflow magnitude cannot be expressed analyti-
cally, but the same processes are likely to limit the

magnitude on seasonal time scales as well. Although
the ENSO-GCM was not designed to model the
throughflow, study of its output has highlighted several
modeling features that require further consideration.
It also indicated that the zonally integrated meridional
heat transport through the archipelago is influenced
not only by the sill depths, but also by the zonal to-
pographic gradient from Sumatra to- Papua New
Guinea.

6. Summary

An explicit theoretical estimate (3.3) of the circu-
lation of the depth-averaged flow around a midocean
island has been derived. It is valid for time scales greater
than the barotropic Rossby adjustment time scale in a
flat-bottomed ocean, or for time scales greater than
baroclinic Rossby adjustment time scale in a variable-
bottomed ocean, assuming a level of no motion can
be specified above all the topography. A similar expres-
sion was derived by Godfrey (1989). An estimate of
the reduction to the circulation was derived (4.1) if
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FIG. 8. (Continued)

the island lay within the basin’s western boundary layer,
so that frictional effects were important along its west
coast as well. The modification to the island rule that
allowed for explicit topographic variations was given
in (3.9) and is valid for time scales greater than the
barotropic-topographic Rossby adjustment time scale.
A diagnostic expression (4.6) was proposed for inves-
tigating the interannual variations in the Indonesian
throughflow. If there were a wide and deep channel
between Australia and Asia, then the depth-integrated
throughflow magnitude would be independent of con-
ditions in the Indian Ocean. If the channel is narrow
and shallow, such that frictional and nonlinear effects
are important, then the Indian Ocean may exert an
influence. Whether the variations are in the Pacific or
Indian Ocean, the dynamics of the Indonesian seas
and their ability to prevent coastal Kelvin waves from
smoothing out the density gradient between the Pacific
and Indian oceans along the Australian-PNG coast
beyond that required to balance the alongshore wind
stress will play an important role in determining the
throughflow magnitude and variability. This latter as-
pect has received little attention and merits further
study.
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APPENDIX

Uniqueness of the Solution to the Barotropic
Vorticity Equation in 2 Multiple-Connected Domain

For simplicity, only the case of a flat-bottomed do-
main will be considered. Consider a closed basin with
boundary 9B containing an island with boundary 9I.
Suppose ¥, ¥, are two solutions of (2.4 ), which satisfy
the boundary conditions ¢; = 0 = ¢» on 4B and ¢,
= Ci(1), ¥, = Co(t) on dl, and (2.6). Then the function
¥ = ¢ — ¥, satisfies the equation

VY, + By = curl F (A1)
and boundary conditions
v=0 on 9B, ¢y =C(t) on 9dI, (A2)

plus further conditions if F is a function of derivatives
of ¥ higher than the first. Also, from (2.6)

f vh\p,-nd1=j§ F-dl.
ar al

Multiplying (A1) by ¢ and integrating over the basin
yields

[ Li@wrras+co§ vigend
B-I or

(A3)

=—C(t)ilF-dl+JL_IVhWXF'de’ (A4)

where Stokes’ theorem and the boundary conditions
(A2) have been applied. Substituting from (A3)in (A4)
gives

JL_,% {V)*}.dS = “_”M Vi X YFdS. (AS)

To prove uniqueness, the form of F and any further
boundary conditions are chosen so that the right-hand
side of (AS5) is negative unless V¢, or V2 is identically
zero. Hence, considering the integral with time of (A5),
there is a contradiction as the left-hand side is positive
unless V,y is identically zero. Therefore, ¢ is identically
zero everywhere, hence C(¢) is identically zero, and
the solution to (2.4), (2.6) with the specified boundary
conditions is unique.
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