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ABSTRACT

A simple analytical model of the closure of the wind-driven gyres in the tropical west Pacific is developed to
illustrate the role of Halmahera and variations in the Pacific wind stress on the water mass composition of the
flow from the Pacific to the Indian Ocean through the Indonesian archipelago—that is, the Indonesian Through-
flow. The model is expressed in terms of the streamfunction, ¢, for the depth-integrated velocity field. There
are three principal dynamical states, and therefore composition regimes. In the absence of Halmahera, the
throughflow is composed of water wholly originating from the South Pacific (SP) if the streamfunction at the
interior edge of the western boundary layer at the latitude of the northern tip of Papua New Guinea (PNG),
¥w, is greater than that on the Asian continent, taken as zero, which is typically the situation in the Northern
Hemisphere late summer. The throughflow is composed of water of wholly North Pacific origin (NP) if yx
< Y4, the value of the streamfunction on Australia-PNG, which corresponds to winter conditions. The through-
flow is fed by both the fresh Mindanao Current and the saltier South Equatorial Current (SEC) otherwise. If
Halmahera is taken into account, the criteria determining the composition regimes are modified. Its presence
results in a fresher throughflow, 30% NP-70% SP compared with 100% SP, as y typically decreases northwards
in the equatorial west Pacific. The result of averaging over perturbations in ¥y, ¥, is also considered.

Estimates of the throughflow composition from observed hydrography imply a predominantly NP source. A
possible explanation is nonlinear retroftection of the SEC into the North Equatorial Countercurrent (NECC),
which would lead to the throughflow being fed by the Mindanao Current for much of the year. However, the
simple model predicts that a large amount of water of NP origin enters the Indonesian basins before exiting to
feed the NECC, even when the throughflow is predicted to be wholly SP. Mixing within the basins would modify
the composition of the NECC and throughflow. Different west Pacific states and their effect on the composition
are investigated further with a flat-bottomed, homogeneous numerical general circulation model with a simplified

2683

geometry and climatological monthly mean forcing.

1. Introduction

In a recent note, Godfrey et al. (1993) point out an
apparent inconsistency between the water mass prop-
erties of the Indonesian Throughflow and its source as
predicted by Godfrey’s (1989) Sverdrup model forced
by Hellerman and Rosenstein’s ( 1983 ) wind-stress cli-
matology (henceforth referred to as HR data). De-
ductions based on salinity budgets led Gordon (1986)
to suggest that the relatively fresh surface waters of the
North Pacific are the source of the throughflow. Further
evidence of a North Pacific origin is given by Lukas et
al. (1991), who tracked buoys from the Mindanao
Current region into the Indonesian seas. However, a
Sverdrup model with vorticity dissipated at the latitude
of creation in the western boundary layers and forced
by HR data predicts a throughflow directly fed by the
saltier South Equatorial Current (SEC). The streamline
pattern in the west Pacific is sensitive to the wind-stress
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dataset used, as shown by Landsteiner et al. (1990).
West Pacific streamline patterns generated by a Sver-
drup model forced by The Florida State University
(FSU) pseudo-wind stresses (Goldenberg and O’Brien
1981), University of Hawaii winds (Sadler et al. 1987),
and Fleet Numerical Oceanographic Center’s (FNOC)
operational wind product would all give a throughflow
of South Pacific (SP) origin. Godfrey et al. (1993) pro-
pose that the SEC retroflects into the North Equatorial
Countercurrent (NECC) through either nonlinear or
VISCOUS Processes.

The relative importance of advective effects, local
precipitation, and mixing in determining the salinity
distribution in the Indonesian seas, as shown by Gor-
don (1986), is difficult to assess and needs further in-
vestigation. In practice, it is likely that streamlines from
both the Mindanao Current and SEC enter the In-
donesian basins and considerable mixing occurs there.
This has been demonstrated recently by Ffield and
Gordon (1992) using a simple advective-diffusive
model. They concluded that a flow of 10 Sv (Sv = 10°
m?> s7!) through the Makassar strait would have to be
almost wholly of North Pacific (NP) origin, and a flow
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FIG. 1. Schematics of the streamfunction field in the absence of Halmahera for the analytical model with forcing field ¥#(y)
shown on the right; scales are exaggerated to show details. The three regimes are as described in (2.2) and (2.3).

of 5 Sv through the Banda Sea would have to be an
approximate mix of 75% NP to 25% SP origin to be
consistent with observed residence times and an O(1
cm?s™!) vertical diffusivity coefficient for salinity.
Neither Godfrey et al. (1993) nor Ffield and Gordon
(1992) considered the possibility that a large portion
of the Mindanao Current could enter the Celebes Sea
before exiting to make up the NECC. It would not
contribute to the throughflow per se but could consid-
erably freshen any SP component passing around Hal-
mabhera if there was significant horizontal mixing. Also,
Godfrey et al.’s (1993) considerations did not take into
account the presence of the istand of Halmahera, just
to the northwest of Papua New Guinea (PNG), whose
northern tip is at about 3°N. If the circulation of the
depth-integrated flow around its boundary matched
that around Australia—PNG, then the implied SP com-
ponent of the throughflow in a Sverdrup model would
be reduced by 30%.

There is considerable variability in the currents of
the western Pacific due to the seasonal movement of
the intertropical convergence zone (ITCZ) and asso-
ciated variation in the zonal component of the wind
stress. The streamline pattern shown by Godfrey et al.
(1993) represents the annual mean, but it is likely that
the wind-driven gyres will close differently during the
course of the year giving different relative compositions
of NP and SP waters. There is also evidence that the

throughflow magnitude varies seasonally, reaching a
maximum in July and a minimum in February cor-
responding to the monsoon seasons (Wytrki 1987;
Kindle et al. 1989). Therefore, the annual-mean
throughflow composition will depend on its magnitude
during a given dynamical regime and the fraction of a
year that the ocean is in that regime, as well as mixing
processes.

Factors influencing the magnitude of the through-
flow and its water mass composition are investigated
with a simple dynamical model developed in section
2. The model may be considered diagnostic in the sense
that given the streamfunction at the interior edge of
the western boundary layer at the latitude of the tips
of PNG, Halmahera, and the Philippines and the value
of the streamfunction on Australia and Halmahera,
then the composition of the throughflow and NECC
in the absence of mixing may be deduced. The time
scale of validity of the model is determined by the as-
sumed existence of a streamfunction representative of
the upper-ocean velocity field, neglect of topographic
effects, and by the values assigned to the various quan-
tities. For example, if the streamfunction at the edge
of the Pacific western boundary layer is assumed to be
that given by Sverdrup dynamics, and the values on
Australia—-PNG and Halmahera are those given by
Godfrey’s (1989) Island Rule, then the model describes
variations on time scales longer than a year, as discussed
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by Wajsowicz (1993). Although the model described position as an integral over time. This is explored fur-
in section 2 is very simple and based on linear dynam- ther in section 3, where the variation in composition
ics, it is inherently nonlinear when considering com- averaged over a cycle is considered as a function of the
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mean and perturbation amplitudes of streamfunction
at specific locations. Results from the simple model
suggest that the annual mean composition could be of
predominantly NP origin without invoking retroflec-
tion of the SEC into the NECC. A further investigation
of viscous effects and states of the west Pacific using a
simplified numerical general circulation model (GCM)
is presented in section 4.

2. An analytical model of the throughflow
composition

The existence of a streamfunction, y, for the depth-
integrated velocity field may be deduced by vertically
integrating the continuity equation and making the
rigid-lid approximation (w = 0 at the surface). The
streamfunction is given by :

0 0
Yy = f vdz, ¢, = —f udz,
-H -H

where z = —H(x, y)is the ocean floor. Assuming linear
dynamics, and neglecting topographic effects and bot-
tom stresses, the vorticity equation for the depth-in-
tegrated flow reduces to

By, = curl L4 curl F
Po

on time scales greater than the barotropic-topographic
Rossby adjustment scale. Frictional effects are repre-
sented by the term F. If the water mass properties of
the depth-integrated flow are representative of those
for flow into the archipelago, then (2.1) could be used
as a basis for a dynamical model of composition vari-
ations on seasonal time scales. A more realistic inter-
pretation is that ¢ is the upper-layer streamfunction in
a two-layer model in which the lower layer is at rest
and any topography is confined to the depth of the
lower layer. In this case, (2.1) describes variations on
time scales longer than the first baroclinic mode equa-
torial adjustment time scale—that is, ~280 days.

The essential elements of the simple dynamical
model are the following:

(2.1)

(i) The streamfunction along a line spanning the
equatorial region, ¥, and those on the islands of Aus-
tralia-PNG and Halmahera, ¥4, Yy, respectively, are
assumed known.

(ii) Equation (2.1) reduces to ¥, = 0 outside any
western boundary layer west of the line on which ¥
is specified.

(iii) Vorticity is destroyed at the latitude of creation
within western boundary layers.

Therefore, the streamlines ¥ = const are zonal west
of the given line except in the western boundary layers,
where Y, is of one sign. A consequence is that there
may be infinitesimally thin zonal jets extending west-
ward from the tips of each landmass.
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In describing interannual variations, a suitable
choice for Y is the Sverdrup transport at the interior
edge of the western boundary layers of Australia-PNG
and the Philippines and a line connecting these points.
Modeling seasonal variations is more tricky, and it is
likely that only a qualitative impression can be
achieved. If the Indonesian archipelago were at mid-
latitudes, where the Coriolis parameter can be assumed
constant over 10°-20° of latitude, then ¢ could be
reinterpreted as the geostrophic transport streamfunc-
tion at a representative depth. In the equatorial regions,
such a reinterpretation is not valid, and ¥ must remain
the streamfunction of the depth-integrated flow above
an approximate level of no motion. Suitable ¥ would
need to be constructed from details of the seasonal
variations in the velocity fields.

a. No Halmahera

A schematic of the system considered is shown in
Fig. 1. It is assumed that the streamfunction on Aus-
tralia, ¥4 < 0, and the Mindanao low, ¥y < 0 and the
high associated with the South Equatorial Current
(SEC), ¢, > 0, where ¢ = 0 is the value of ¢ set as a
boundary condition on the South American and Asian
continents. Further, it is assumed that ¢y decreases
monotonically from the latitude of the northern tip of
PNG, yn to the southern tip of the Philippines at yp,
so that Yy < ¥p < Yy < ¢, where Yy = Yr(pn), ¥p
= Yr(yp). This is consistent with results from a Sver-
drup model using climatological wind stresses. The
manner in which the gyres close in the west Pacific will
depend on the relative magnitudes of ¥, ¥y, and ¢
on the Philippines, which for the sake of simplicity is
taken as the Asian continent value of 0. If y» = 0, then
no water of NP origin will enter the Indonesian seas,
as the Mindanao Current will have separated from the
coast before reaching the tip of the Philippines. If ¥p
< 0, then the Mindanao Current will transport |¢p|
of water of NP origin into the Indonesian seas. An
amount {min(yn, 0) — ¥»}, (Yp < 0) will exit again
between the latitudes yp and yy. If ¢y < ¥4(<0), then
a further fraction {y, — ¥y} will cross to the tip of
PNG in a thin zonal jet and exit. Therefore, the amount
of water of NP origin continuing south into the In-
donesian seas to make up the throughflow is
min { max(y¥x, ¥4), 0}. The total throughflow is —y 4,
and the difference is made up of water of SP origin. If
¥ < ¥, then the SEC will wholly separate from the
Australia-PNG coast before reaching the tip of PNG.
If Y4 < Y, then a zonal jet from the tip of PNG of
magnitude { Yy — ¥4}, containing water of SP origin,
will enter the Indonesian seas. If Yy < 0, then it will
all go to make up the throughflow, otherwise a fraction
—1y4 will make up the throughflow and a fraction Yn
will exit to make up the NECC. Hence, the Indonesmn
Throughflow composition is given by
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Yir = (—¢Ine + (Y — Yadsp,
Y’ = min{max(Yn, ¥4), 0}, (2.2a)

where NP, SP denote water originating from the Min-
danao Current and the SEC, respectively. The mag-
nitude of the NECC is {{; — ¥ }, and its composition
is given by

¥nece = (& — Yo)np + (Y1 — ¥*)sp
+ ('~ Prne + (P)rse,
¥ = min(¢p, 0), ¥* = max(¢, ),
¥ = max(¢y, 0) = ¢* — ¢/, (2.2b)

where RNP, RSP denote water of NP and SP origin,
respectively, which have entered and circulated in the
Indonesia seas before exiting. The expressions (2.2)
are very concise, and it may be easier to think of the
compositions in terms of the three regimes obtained
by expanding the mins and maxs in (2.2), namely,

E(dn <)
Vit = (—¥a)np
¥nece = (¥p = Yodne + (Y1 — Yadse + (¥ — Yr)rnp,
I (Y <Py < 0)
it = (—¥wne + (Y — Yadsp

¥nece = (¥p — Yodne + (Y1 — ¥ndse + (¥n — ¥p)rnp,
IIL: (Y > 0)

Yir = (—¥a)sp
¥nece = (Y — Yodne + (V1 — ¥wdse + (—¥p)rne
+ (¥a)rsp, assuming yp <0, (2.3)

which are illustrated in Fig. 1. In regime I, shown in
Fig. 1a, the throughflow is of wholly NP origin. In re-
gime III, shown in Fig. 1c, it is of wholly SP origin,
and in regime II, shown in Fig. 1b, it is 2 mixture. If
V¥ is interpreted as the streamfunction of an upper-layer
flow, then the regime boundaries are determined by
the relative magnitudes of the depth-integrated pressure
at the interior edge of the western boundary layer off
the tip of PNG, the coastal value on PNG, and that
on Asia. Regime I is loosely characterized by low pres-
sure in the equatorial west Pacific corresponding to the
Northern Hemisphere winter and a southerly location
of the ITCZ, and regime III by high pressure corre-
sponding to summer conditions with a northerly lo-
cation of the ITCZ.

The above equations are quite general, in that given
¥p, Yn, ¥4, then the composition of the throughflow
and NECC is determined, provided the dynamics at
the entrance to the archipelago can be modeled as set
out in conditions (i)-(iii). Specifically, it is not nec-
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essary to assume Yp, Y are given by integrating (2.1),
nor that y is given by Godfrey’s (1989) Island Rule.
Looking at Godfrey’s (1989) Fig. 4, ¥ > 0, hence the
system is in regime III, and so the conclusion that a
Sverdrup model would predict an annual-mean
throughflow of SP origin.

The geometry considered in this example is very
simple. The result is the same if islands to the west of
PNG and the Philippines are included provided they
are not directly exposed to the Pacific Ocean.

b. Including Halmahera

An island that does not satisfy this requirement is
Halmahera; see Fig. 2. It has two effects on the
throughflow composition. First, it could lead to an
overall increase in the NP component of the through-
flow, which is examined below. Second, depending on
the relative magnitudes of ¥4 and ¥y, the SEC com-
ponent will pass either to the north or south of Hal-
mahera. Although the effect cannot be distinguished
in this purely dynamical model, if the SEC is diverted
south of Halmahera into the Banda Sea, it will exit
into the Indian Ocean subject to relatively little mixing.
If it is diverted north of Halmahera, then it could mix
with the water of NP origin flushing through the seas
before exiting to make up the NECC.

A similar analysis can be made for the transport of
the Mindanao Current and SEC as for the model in
the absence of Halmahera. There are now many more
regimes to consider. The throughflow composition is
given by

it = (= ¥he + (V% — Ya)sp
+ (¥ — ¥*)enp + (¥ — ¥)geps
V' = min {max(Yur, ¥4, ¥n), 0},
¥* = max {mid(Yw, ¥a, ¥u), ¥a} >
¥ = max (Y4, ¥u),

where Yyur = Yr(yyr), and yyr is the latitude of the
northern tip of Halmahera. The NECC composition
is given by

¥nece = (¥ — Yol + (Y1 — ¥*)sp
+ (P = W+ W — P)rnp + (F**)psp
+ (V" ~ ¥V — U** )y, (2.4b)
¥ = min(yp, 0), ¥* = max(¥w, ¥a),
V" = max(Yw, Yu, ¥n), ¥** = max(Yur, 0).

The four basic regimes found in realizations of the
simple model in the next section may be written ex-
plicitly as follows:

(2.4a)
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L (Yyr < ¥and ¢, = y**)
Y = (—‘i’)NP + (‘T’ — Ya)rnp
¥nece = (¥r — Yodne + (Y1 — Yadse + (Y — Ypdrnes
Ha: (Yw, ¥ > Vu, ¥ur)
Yir = (—¥mne + (Y — Yadse + (Y — ¥ * )rie
Ynece = (Yr — Yolne + (¥1 — ¥w)sp
+ (¥** — Yedre + (¥ — ¥ *)wae,
IIb: (0 > Yur > Ya, ¥u)
Yir = (—¥ar e + (¥ — ¥a)sp + (Yar — Vrsp
¥nece = (¥p — Yolne + (Y1 — ¥n)sp
+ (Yur — ¥p)rne + (YN — Yur)wse,
1L (Yur = 0)
Yt = (¥ — Ya)sp + (—¥)grsp
¥Ynece = (¥p — Yolne + (Y1 — ¥vdse + (—¥p)rne

+ (Yurdrse + (v — Yurdws, (2.5)

where ¥ = max(¥,, ¥y) and ¢** = min(Yy, ¥n).
Regimes I and III are shown in Fig. 2. From Godfrey
etal. (1993), Yyr~ —5Sv, Y, ~ —15Sv,and Yy > 0.
The value of ¥ on Halmahera may be estimated from
the multiple, overlapping Island Rule derived in Waj-
sowicz (1993), which gives ¥ ~ —5 Sv. Hence, the
ocean is on the border of regimes Ila and IIb of (2.5),
with a composition of 33% NP and 67% SP origin. If
Yy = Y, =~ —15 Svand Yy = —5 Sv, then the system
is in regime IIb. The composition will still be of 33%
NP and 67% SP origin, but now the SP component
will pass north of Halmahera and enter the Celebes
Sea, and therefore is classified as RSP.

3. Realizations of the analytical model

Before investigating the effect of fluctuations in Yy,
Yur on the average throughflow composition in (b),
it is useful to first demonstrate conditions under which
the various regimes given by (2.2)-(2.5) arise, in par-
ticular those for the model including Halmahera.

a. Sverdrup states corresponding to different
positions of the ITCZ

Suppose Y takes the simple form

Yo sinko(y — »o), V> o
Yr(y) =< Yisinki(y — ), w=y=y (3.1)
Yo sinka(y — y2), ¥y <y,
where
nw=yo—w/ki, y2=yn—7lks.
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The above is suggested by the Sverdrup transport gen-
erated by the climatological wind stress used to force
the GCM in the next section and shown later in Fig.
8. The latitude of the zero wind-stress curl line in the
equatorial regions is yy. Varying y, in (3.1) could cor-
respond to simulating interannual variations in the
ITCZ.

1) NOo HALMAHERA

The result of varying y, from 5°S to 5°N, and taking
Yo = —258v,y; = 15 Sv, ¥, = —40 Sv, kg = 7/20°
of latitude, k, = ©/15°, ky = w/40° is shown in Fig.
3a. The values of yp and yy are 5°N and 1°N, respec-
tively. The value of ¢4 is specified as the average value
for the cycle in y, as determined by Godfrey’s (1989)
Island Rule, which on ignoring the contribution from
the integral of the alongshore wind stress around Aus-
tralia-PNG reduces to

1 YN
| ¥rdy,
(yv = ¥s) s
where yy, Vs are the latitudes of the northern and
southern tips of Australia-PNG, respectively (Waj-
sowicz 1993). If ¥, were given by (3.2) at each point
in the cycle, then [y,4| would increase almost linearly
from 13 Sv to 19 Sv as y; increased from 5°S to 5°N.
The system goes through regimes I, II, -and III, as de-
scribed in (2.3), as Yy increases from less than ¥4 to
greater than zero. The NP composition of the through-
flow decreases from 100% to zero. The NECC com-
position varies from 80% SP-20% RNP to an almost
equal mix of SP, RNP, and NP for y5 = 1°N and onto
60% NP-10% RNP-30% RSP. The resulting water or-
igin fractions given by summing over a cycle of move-
ment in Yy, are given in Table 1 for the throughflow
and Table 2 for the NECC. In Fig. 3, the x axis is yy,
but may also be thought of as time, if it is assumed yy
moves northwards uniformly with time.

In the next section, a simplified ocean GCM is spun
up with HR data to show the different Sverdrup states
achieved if the wind forcing were a perpetual January,
February, and so on. A simplified representation of
these states, and the changes between them, is given
by setting the amplitudes of Yq, ¥y, ¥» in (3.1) to

Yu=— (3.2)

— P 4
¢0=¢0+¢OSIHEYO,
— . .7
i =9+ Slnzyo,

—_— ~ . w
=Y+ sin - Yo, (3.3)
where —L/2 < yo < L/2. The result of varying y, from
5°S to 5°N, that is, L = 10° of latitude, and taking
Yo = —25Sv,¥0 = 5 8v, ko = w/20°, ¢, = 15 Sv,
=5 SV,k| = 7T/15°,1!/2= —4OSV,¢2 = IOSV,ky_z ’II’/
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(a) Regime I
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FIG. 2. As in Fig. 1 but including Halmahera. Only two regimes are shown for a throughflow of (a) wholly NP origin
and (b) wholly SP origin. They are as described in (2.4) and (2.5).

40°, is shown in Fig. 3b. The mean value of ¢4 is as
given by the Island Rule, and a perturbation of am-
plitude 50% of the mean has been imposed giving a
maximum throughflow when y; is farthest north. If
¥4 were calculated from (3.2) at each point in the
cycle, then it would decrease sinusoidally from 18.5
Svat yo = 3.5°Sto 12.5 Svat yy = 3.5°N. The period

of Y4 is less than that of the highs and lows, L, and
the average of Y4 over a cycle is less than that in the
model with no perturbation, although the averages
of Yo, Y1, ¢, are the same. This is because (3.2) is
nonlinear in y,, and it suggests that in a more com-
plex model, or the real oceans, the interannual
variations in throughflow magnitude will not be
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FiG. 3. (a) Case NH1: no Halmahera, and fixed magnitudes for Yy, ¥, ¥a, ¥4. (b) Case NH2: no Halmahera, and varying
magnitudes for Yo, ¥, ¥2, ¥4. The variation in Yy, Yp as ), is varied is shown along with the magnitudes of Y1r(= =), ¥nece
(= Yo — ¥,) and the magnitude of the Mindanao Current v, and SEC(= ¢4 — ¥,), in the leftmost plot. Also plotted are the
compositions of the Indonesian Throughflow as a fraction of {41 and of the NECC as a fraction of ¥ngcc. The water masses
distinguished are NP (long dash), SP (dot-dash), denoting water masses directly fed by the Mindanao Current and SEC,
respectively; RNP (short dash), RSP (double dot-dash), denoting water masses fed by the Mindanao Current and SEC after

circulating in the Indonesian Basin.

strongly correlated with those of the SEC high, for
example.

The main contrast with the previous example is that
regime I exists for a greater extent of J,. The Mindanao
Current is much larger and SEC much smaller than in
Fig. 3a during this phase, and this is reflected in the
different composition of the NECC. The effect on the
throughflow composition averaged over the cycle has
been surprisingly small. The mix has gone from 40%
NP-60% SP to 30% NP-70% SP; see Table 1.

2) INCLUDING HALMAHERA

The result of including Halmahera between 1°S and
3°N in the scenario of Fig. 3a is shown in Fig. 4a. The
circulation around Halmahera is set to that around
Australia. There 1s a much larger range of y, for which
the model is in regime I, since it is now determined by
Yar < Ya; if Y4 = Yy, then regime Ila in (2.5) does
not exist and is replaced by regime I. All of the SP
component feeding the throughflow has passed north
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TABLE 1. Composition of throughflow averaged over a cycle of the simple model (in Sv and % of ¥7).
NP SP RNP RSP
No Halmahera
NH1: Fixed 6.28 (40.0%) 9.42 (60.0%) —_ —
NH2: Oscillatory 4.79 (31.1%) 10.61 (68.9%) — —
Halmahera
H1: Fixed 9.14 (58.2%) 0 0 6.56 (41.8%)
H2: ¢, Oscillatory 6.82 (43.5%) 4,71 (30.0%) ~0 4.16 (26.5%)
Yo =25 ko = m/20° Yo=0 =5 ¥a= 1570 Vi = Va
¥ =15 ky = n/15° 4 =0 =5 = —15.40 in NH2 = —11.47 in H2
¥, = —40 ky = w/40° Y2 =0 =10 Va=0 Yu=0
_ . in NH2 __=175in NH2 & H2
Yy = —4.22 Yyur = —10.22 Yp=—15.58
= —4.47 in NH2 = ~16.78 in NH2

of Halmahera into the Celebes Sea. The NP fraction
of the throughflow averaged over a cycle has increased
to almost 60%. The effect of letting ¥, vary but keeping
other quantities fixed is shown in Fig. 4b. The circu-
lation around Halmahera is given by the multiple,
overlapping Island Rule derived in Wajsowicz (1993),
which, ignoring the local forcing around Halmahera,
reduces to

YN = VHB )
— |¥4,
Yur — VHB

(3.4)

where yyr, Vyg are the latitudes of the northern and
southern tips of Halmahera, respectively. All four re-
gimes described in (2.5) are now found. The compo-
nent of the throughflow of SP origin is roughly equally
divided between that entering the Celebes Sea first and
that passing directly into the Banda Sea. The result of
averaging over a cycle of y, is given in Tables 1 and 2.

o Vrdy + (

1 fym‘
(Yur — Yus) I

b. Time averages of sinusoidal perturbations

streamfunction, ¥, does not need to be specified at
all latitudes. The relevant values for determining the
composition of the throughflow are just ¢4, Y in the
absence of Halmahera and ¢, ¥y, ¥~, ¥ur if Hal-
mabhera is included. The west Pacific shows consider-
able variability on many time scales. An impression of
the effect of this on the composition was given by the
averages over y, detailed in Tables 1 and 2. A more
formal exploration of the dependency of composition
on the variability of ¥, ¥4 is presented below.

1) No HALMAHERA

Suppose ¥4, Y vary sinusoidally with time about
mean values and are 180° out of phase. For the seasonal
cycle, this corresponds to the general notion that the
throughflow —¢, is a maximum (minimum) in the
Northern Hemisphere summer/fall (winter/spring)
when the pressure in the equatorial west Pacific is high
(low). Nondimensionalizing amplitudes on the mean
of —y,, and denoting nondimensional quantities by ’,
then

. ) . = =1+ acost’, (3.5a)
The above examples illustrated the various regimes va
possible for a selection of ocean states. The forcing Yy = R — b cost’, (3.5b)
TABLE 2. Composition of NECC averaged over a cycle of the simple model (in Sv and % of ¥necc = ¥1 — Yo = 40 Sv).
NP SP RNP RSP WBL(SP)
No Halmahera
NH1 9.43 (23.6%) 18.63 (46.6%) 9.29 (23.2%) 2.65 (6.6%) —
NH2 8.23 (20.6%) 16.34 (40.9%) 11.98 (29.9%) 3.45 (8.6%) —_
Halmahera

H1 9.43 (23.6%) 18.63 (46.6%) 6.44 (16.1%) 0.83 (2.0%) 4.67 (11.7%)
H2 » 17.08 (42.7%) 8.76 (21.9%) ” 3.90 (9.8%)
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where ¢ has been nondimensionalized on the frequency,
R is the nondimensional mean of ¥y, and a, b(= 0)
are the nondimensional amplitudes of the perturba-
tionsin ¥4, ¥, respectively. Substituting in (2.2a) and
averaging over a period yields an average NP fraction
for the throughflow of

—_— 1 1
(r1)np = —(m — asinm) + — {R(m — n)
T T

— b(sinm — sinn)}, (3.6a)
where
0, atb<1+R
L(1+R)
= e g+ b>
m cos (@tDb)’ a b=|1+R| ,
, at+b<—(1+R)
2 T, b<—R
4 R
n=1{ cos 3 b= |R]|. (3.6b)

0, b<R

It has been assumed that a < 1, so that the throughflow
is into the Indian Ocean; that is, ¥, < 0 throughout
the cycle. The system spends from ¢’ = 0 to m in regime
I, from ¢’ = m to nin I, and from ¢’ = #n to = in III;
the cycle is symmetric about ' = «. The results are
illustrated in Fig. 5 for R = 0.3, 0.0, —0.3, —1.3 for a,
b ranging from 0 to 1. Recall from (2.3), if there were
no variability in the west Pacific, that is, a, b =0, then
(l//]T)Np =1forR < -1, —R for—-1<R< 0, and 0
for R = 0.

Looking first at Fig. 5a for R = 0.3, there are three
regions. If b < R, then ¥ > 0 throughout the cycle,
and the system will always be in regime III, so there
will be no NP component to the throughflow. This
corresponds to the lower third of the figure. If » > R,
a+ b <1+ R, then ¥, < ¢y throughout the cycle,
and the system will be in regimes II and III during the
cycle. The magnitude of the NP component will be
(—Rn + b sinn) /=, and so independent of a, the am-
plitude of the time-varying component of 4. This cor-
responds to the upper left-hand side of Fig. 5a. If b
> R,a+ b> 1+ R, then the system will be in each
of the three regimes during the cycle; this corresponds
to the upper right-hand side of Fig. 5a. If R = 0, cor-
responding to a mean ¥ = 0, then the region of regime
IIT only is confined to the a axis (see Fig. 5b). The
nonlinear nature of the system is well illustrated by
this figure. Although the mean of ¢ is zero, there will
be a nonzero component of NP water provided b is
nonzero. Kindle et al.’s (1989) calculations suggest that
the effect of the monsoons is represented by taking a
=~ 23, and R = 0. Estimating b is more difficult. Sea-
sonal variations in the equatorial currents exceed 10
Sv, which suggests b may be as large as O(1). For
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0 < b < 13, the fraction of NP water varies rapidly
from 0% to 11%. For b > 113, the fraction is relatively
insensitive to b as b = oo . The maximum NP fraction
is 1/ — a/ =, and is obtained by letting & = o0 in (3.6),
so that m, n — = /2. Turning to Fig. Sc for R = —0.3,
there are two new regions for » < —R. The fraction is
a constant equal to ~R for the region b < —R,a+ b
< 1 + R; the system is in regime II throughout the
cycle. In the region on the lower right-hand side of Fig.
5¢, the system is in regimes I and II through the cycle,
and the fraction of NP averaged over a cycle is just a
function of (a + b). For a ~ 2/3, the NP composition
decreases from 30% to 25% as b increases from 0 to
about 0.4, and then increases to about 30% as b = .
If R < —1, then it is possible for the throughflow to be
100% NP water. This occurs if the amplitudes of the
perturbations to ¥4, yyare such thata + b< —R — 1,
so that the system is in regime I for the whole cycle,
see Fig. 5d. For a ~ 24, the composition would decrease
from 91% to 61% NP component as b increases from
0 to 1. The fraction is very sensitive to the choice of
R, and for a given a, the sensitivity to the choice of b
increases as R decreases. In interpreting Fig. 5, it is
useful to note that points lying on the lines (a + b)
= const have spent the same amount of time in regime
I, and those lying on b = const have spent the same
amount of time in regime III.

2) INCLUDING HALMAHERA

Suppose the circulation around Halmahera is in
phase with that around Australia-PNG, and is given
by

Y= —H + h cost’. (3.7)

Figure 5 can be reinterpreted for the case including
Halmahera if R and b are reinterpreted as the mean
and perturbation amplitudes of Y yrand H=1, h=a.
Since Yy will typically be less than ¥, then to com-
pare the compositions with and without Halmahera
Fig. 5b should be compared with Fig. 5a, and so on.
Suppose Y5’ ~ 0, Y7 ~ —0.3, and a = 2/3, then from
Fig. 5b, in the absence of Halmahera, the NP fraction
would increase from 0% to 19% as b increases from 0
to 1. From Fig. 5c¢, if Halmahera is included, then the
fraction decreases from 27% to 17% as b, now inter-
preted as the nondimensional amplitude of the per-
turbation in ¥y, increases from O to 1.

The effect of varying H, & is shown in Fig. 6, which
should be compared with corresponding contour maps
in Fig. 5. The plots are for different values of R but
with H = 0.75, which is a fraction predicted by the
multiple, overlapping Island Rule derived in Wajsowicz
(1993) for a Sverdrup model. The amplitude of the
temporal perturbation £ is taken equal to a except when
it would imply that Y5 > 0 at some point in the cycle,
in which case # = H. The parameter {5 does not enter
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FIG. 4. As in Fig. 3 but for examples including Halmahera. (a) Case H1: including Halmahera and fixed vy, ¥1, ¥2, ¥4
= ¢y. (b) Case H2: including Halmabhera, fixed magnitudes for o, ¥, ¥2, ¥u, and varying .. Halmahera is assumed to lie
between 1°S and 3°N, so yyr = 3°N. In this case, SP (dot-dash) denotes flow south of Halmahera, and RSP (double dot-
dash) denotes flow north of Halmahera. A further component, WBL (dotted), is distinguished, which denotes SEC water from

Halmahera’s western boundary layer.

the problem provided it is assumed that the value of
Y is such that mid (Y4, ¥4, ¥n) # Y. In all the plots,
the introduction of regime I is now given by 2+ b > R
+ H. The introduction of regime III is still given by &
> —R. The composition fraction for h + b< R + H,
R = —H is independent of the presence of Halmahera.
If R < —H , then the composition fraction in the regime
I-only region is limited to H, if H < 1. The effect of
increasing 4 will be to steepen the line 4 + b = | R
+ H|, therefore an increase in the amplitude of the
variability of the circulation around Halmahera will
lead typically to a decrease in NP component of the

throughflow averaged over a cycle. Looking at Fig. 6¢
for R = —0.3, if a =~ 2/3, then the fraction decreases
from 26% to 16% as b increases from O to 1. If R were
aslow as —1.3, Fig. 6d, then the fraction would decrease
from 73% to 47%.

If the throughflow composition is determined purely
by dynamical conditions, then the simple model of
section 2, whose properties have been explored above,
suggests that to model the throughflow composition
accurately in the annual mean, all time scales need to
be resolved or the unresolved processes parameterized;
for example, tidal fluctuation could be important. Of
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FIG. 5. The fraction of NP water mass in the throughflow (no Halmahera) averaged over a cycle as given by (3.6) is contoured as a
function of a, b the perturbation amplitudes of ¥, ¥n, respectively, for a given value of R, the mean value of Y. Quantities have been
nondimensionalized on the mean value of —y,. In (a) R = 0.3, (b) R = 0.0, (¢) R = —0.3, (d) R = —1.3. For R > 0, the basic regime is
II1. Time is spent in regime I if » > R, and in regime [ if ¢ + b > 1 + R. For 0 = R > —1, the basic regime is II. Time is spent in regime
Hlifb> —R,andinlifa + b > 1 + R. For R < —1, the basic regime is I. Time is spent in regime Il if 2 + b > —(1 + R), and in III only

ifb> —R. Thelinea + b = |1 + R| is denoted by short dash, and the line b = | R| by double dot-dash.

course, the role of horizontal mixing in models is to
represent unresolved processes, which means temporal
as well as spatial. Therefore, in a numerical general
circulation model with climatological mean forcing,
for example, the role of the horizontal “eddy” viscosity
in the west Pacific is to produce a closure of the wind-
driven gyres, which is an average of all the different
states that have occurred over time scales not resolved
explicitly by the model nor resolved in the forcing field
specified. A GCM is designed to simulate the real
oceans, so even if a steady wind-stress field is specified,
the ocean state simulated is meant to be representative
of the average of all the states that would exist if all
the high-frequency fluctuations in the wind field had
been included. Returning to Godfrey et al.’s (1993)
paradox, GCMs like those of Hirst and Godfrey (1993)

and Semtner and Chervin ( 1988) produce viscous ret-
roflection so that the gyres close with the streamlines
from the Mindanao Current forming the throughflow
in order to get a consistent dynamical and physical
interpretation of the annual mean state. Feeding by
the Mindanao Current does not imply that the dynam-
ical source of the throughflow is associated with the
North Pacific wind stress; it can still be the South Pacific
wind-stress curl as given by Sverdrup dynamics. Inter-
annual variations in the South Pacific wind-stress curl
will produce variations in the throughflow; variations
in the North Pacific curl will only produce variations
in composition and not in magnitude.

An estimate of the magnitude of seasonal fluctua-
tions in Y47 is open to some discussion, and it could
be that it is not sufficient for the west Pacific to exhibit
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FIG. 6. As for Fig. 5 but including Halmahera, and where now R is reinterpreted as the mean value of Ygr. The mean value of Yy, H
= (.75 in all plots, and the perturbation amplitude of Y, # = a unless a > H, in which case # = H. The boundaries between regime regions
are given by b + h = | R + H| denoted by short dash and b = | R| denoted by double dot-dash.

all three regimes during the year. An alternative sce-
nario to the above is that horizontal mixing within the
boundary currents is important, so that the freshness
of the throughflow is determined by the amount of
mixing between the SP component and the total NP
water mass entering the seas, —yp, assuming ¥p» < 0
for all time. Suppose ¥p ~ Y4, and 40% of this NP
water entering the Celebes Sea, that is, 0.4|y,], goes
to make up the throughflow in the absence of mixing.
Further, suppose that 0.7 |y 4| SP water from the SEC
also enters the Celebes Sea, and 0.6 |y4] goes to make
up the throughflow in the absence of mixing. If mixing
in the Celebes Sea were complete, then the throughflow
fraction would change from 40% NP-60% SP to 59%
NP-41% SP.

4. A numerical GCM forced by realistic wind
stresses

As stated earlier, different wind datasets produce dif-
ferent mean west Pacific Ocean states in a Sverdrup

model. Meyers (1980) also questioned whether the
NECC transport can be explained by Sverdrup dy-
namics. In the simple model, ¢ is not restricted to
that given by the Sverdrup transport; more realistic
profiles could be chosen. In the tropics, the upper-ocean
response to seasonally varying winds is dominated by
baroclinic equatorial Rossby and Kelvin wave propa-
gation. Based on sea-level data from various island sta-
tions, Wyrtki (1974 ) concluded that the seasonal vari-
ations in the NEC and NECC are in phase. Their am-
plitudes are a maximum from September to December,
and a minimum from March to May. He also con-
cluded that the SEC and undercurrent were in phase
with each other, but 180° out of phase with the NEC
and NECC. The Mindanao Current varies such that it
is 2 maximum in the Northern Hemisphere winter.
Philander et al.’s (1987) GCM simulation produced
surface currents that were most intense when the un-
dercurrent transport was a minimum in the Northern
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Hemisphere fall and weak when the undercurrent
transport was a maximum in spring. They also found
considerable intraseasonal variability in the currents
of the west Pacific, in particular in the SEC and very
complex vertical structures. At this stage, instead of
constructing a suitable ¢ to model seasonal variations
in composition, it is worthwhile to investigate further
the ocean states produced by climatological forcing and
the effect of viscous boundary-layer dynamics.

In a flat-bottomed model of the Pacific and Indian
oceans, the adjustment time scale for the barotropic
mode is sufficiently rapid that the barotropic stream-
function will vary as the wind stress on time scales of
a month or longer. Therefore, if forced by monthly
mean wind stresses, the ocean will progress through a
series of Sverdrup states that may be interpreted as the
upper-ocean state for a full model forced by perpetual
January, February, and so on, winds. Also, if the wind
forcing is confined to just the Pacific, then Australia
and the other islands can be reduced to thin rectangular
islands spanning the actual latitudes of the islands. The
result is shown in Fig. 7, which is of the annual-mean
barotropic streamfunction field for a homogeneous,
flat-bottomed Bryan-Cox GCM (Cox 1984). The
model was forced by the zonal component of Heller-
man and Rosenstein’s (1983) monthly mean wind
stresses averaged between 155°E and 80°W and applied
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to the west of Australia. The applied wind stress and
its curl are shown in Fig. 8. Borneo and the Philippines
are combined with the Asian continent, and the baro-
tropic streamfunction is set to zero on its coastline.
The longitudinal distance between the land features is
the minimum permitted by the grid spacing—that is,
2° fora 1° X 1° model—in the absence of prognostic
temperature and salinity equations.

The gyre patterns and magnitudes shown in Fig. 7
are similar to the annual mean Sverdrup solution cal-
culated by Godfrey (1989). The monthly variations
are shown in Fig. 9. The Mindanao low is a maximum,
38 Sv, and most southerly, 5°N, for March winds. It
moves northwards and weakens to a minimum of 22
Sv in July. It attains a secondary maximum, 37 Sv, in
its most northerly location, 12°N, for November winds.
The SEC high is at its minimum of 12 Sv and at its
most southerly point 15°S in January. It moves north-
wards in March, and attains a maximum of 36 Sv at
4°S in August. It weakens and moves southwards in
October. The low associated with the East Australia
Current has two distinct maxima. It attains a maximum
of 70 Sv in March at its southernmost location of 44°S.
It attains a minimum of 41 Sv at 30°S in May, and
increases to a second maximum of 62 Sv at 25°S in
July. It weakens to another minimum of 41 Sv in No-
vember at 30°S. It should be emphasized that Fig. 9
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F1G. 7. The domain and geometry of the homogeneous, flat-bottomed GCM. The barotropic streamfunction field,
averaged over an annual cycle, is contoured with interval 4 Sv.
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FIG. 8. The zonal component of wind stress from Hellerman and
Rosenstein (1983) was averaged over the Pacific between 154.5°E
and 79.5°W, and applied to the GCM west of Australia. The monthly
variation is shown in (a) and the curl = —37*/dy in (b).

does not show seasonal variations in the pressure field
of the upper levels. The plots are representative of the
pressure field only if the model were forced by perpetual
winds of a particular month. However, there are fea-
tures similar to the observed seasonal variations in the
surface currents. For example, the strength and south-
erly location of the Mindanao low in Fig. 9 in the
Northern Hemisphere winter corresponds to that of
the observed Mindanao dome, as described and mod-
eled by Masumoto and Yamagata (1991). Similarly,
the strengthening of the NECC and strengthening and
more northerly location of the SEC high as the south-
east trades intensify from May onward, Fig. 9, corre-
sponds with observations and a realistic GCM simu-
lation, as described by Philander et al. (1987).

The monthly variations in the circulation around
Australia, and therefore the Indonesian Throughflow,
are shown in Fig. 10a. It varies from a maximum of
16 Sv for March winds to a minimum of 9 Sv for Au-
gust, which is counter to the supposed seasonal vari-
ation that has a maximum in August. This is because
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the effect of the monsoon winds has not been included.
Also shown in Fig. 10a is the circulation around Hal-
mabhera, which lags that of Australia by about a month
and has a much larger variation; its maximum is 19
Sv and its minimum is 6.5 Sv. The variation in y is
much less than that of the lows and highs plotted in
Fig. 10b. The viscous recirculation is estimated at O(5
Sv). Recirculation in western boundary layers, whether
viscous or nonlinear, is identified by closed streamlines
in Fig. 9, which imply that ¥, is not of one sign in the
boundary layer as assumed in the simple model of sec-
tion 2. Due to the recirculation, the magnitude of the
NECC in the GCM is not given by {y;, — ¥} but is
considerably smaller. In the simple model, it was as-
sumed that dissipation in a western boundary layer
was sufficient to destroy at the latitude of creation the
relative vorticity acquired by the parcel as it moves
northward attempting to conserve its potential vortic-
ity. Therefore, as the coastline curves from meridional
to zonal, the boundary layer thins to zero. In the GCM,
the vorticity is not wholly destroyed at the latitude of
creation and a water parcel overshoots the latitude at
which it eventually exits to rejoin the gyre; it spends
longer in the boundary layer dissipating its vorticity.
Comparing Fig. 9 with Figs. 1 and 2, the effect of the
SEC overshooting yy and the Mindanao Current over-
shooting yp is that streamlines, which would otherwise
enter the Celebes Sea and join those forming the NECC
in a western boundary layer within the archipelago,
join near the entrance in the west Pacific. This consid-
erably reduces the amount of NP water flushing
through the seas found in the simple model. However,
in compensation, viscous effects lead to several
streamlines from the SEC joining those forming the
NECC in the region yy < y < yp. These streamlines
forming the NECC would otherwise connect with ones
from the Mindanao Current, which are now free to
enter the archipelago and form the throughflow.
Therefore, the GCM does not necessarily overestimate
the freshness of the throughflow by having the SEC
retroflect into the NECC; instead it produces a closure
of the gyres that gives a compatibility between reso-
lution, the large-scale current systems, and the
throughflow and NECC compositions.

The magnitude of the throughflow for a given month
agrees with Godfrey’s Island Rule, (3.2), as shown in
Fig. 11. There is a maximum deviation of 20% in Sep-
tember. The agreement was not expected to be good
during the summer months when there is significant
retroflection of SEC, so it is noteworthy that (3.2) still
holds quite well. The agreement with (3.4) for the cir-
culation around Halmahera is particularly poor for
summer and fall conditions; then |yy| is over 100%
larger than predicted, see Fig. 11. The meridional extent
of Halmahera is not sufficient for frictional effects along
its boundaries, excluding its eastern one, to be negli-
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FIG. 9. Details of the streamfunction field showing (a) bimonthly variations in the Mindanao Current, SEC,
and East Australia Current, and (b) monthly variations in the vicinity of the Indonesian basins.
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FIG. 10. The annual cycle of the barotropic streamfunction around
Australia and Halmahera, and in the mid-“Pacific” on the equator
and 25°S is plotted in (a). The field has been filtered (30-day running
mean) to remove a free-basin mode of amplitude 2 Sv and period
less than 10 days. The monthly variations in the Mindanao low (short
dash) (= —yy), the SEC high (dot-dash) (= ¢;), and the EAC low
(solid) (= —y,) are plotted in (b). The bold lines denote the actual
values and the faint lines the values minus an estimate of the en-
hancement due to recirculation.

gible, which was assumed in deriving (3.4); see Waj-
sowicz (1993).

An estimate of the relative composition of the
throughflow in terms of NP and SP waters is shown in
Fig. 12a in the absence of Halmahera and in Fig. 12b
including Halmahera. The regimes may be identified
with those found in the simple model of section 2,
though the transition criteria between regimes are
slightly different due to viscous processes. For example,
in the absence of Halmahera, it is not when Yy > ¥4
that the throughflow is no longer of wholly NP origin,
but when Y z(yny + 6) > ¥4, where 6 is a measure of
the northward overshoot of the SEC past the northern
tip of PNG, or rather the latitudes over which the SEC

VOLUME 23

retroflects into the NECC; see Fig. 9a. For the model
with Halmahera, the criterion Yz > ¥, for moving from
regime I to II is robust, but once again the inequalities
involving ¥y, Y are not; there is significant viscous
retroflection of the SEC into the NECC for July through
November (see Fig. 9b). In the absence of viscous ef-
fects, regime 111 is predicted to occur for Y > 0 in the
absence of Halmahera, irrespective of the value of {4,
and so the ocean should be in this state for May through
October winds. The effect of viscous retroflection is to
shorten the time spent in regime IIf to August-October
in the absence of Halmahera, and to September only
if the model includes Halmahera. The meridional gra-
dient in Y is very large from May through October,
and so the model is very sensitive to the overshoot, d.
In the latter half of the year, the meridional gradient
in Y is much weaker in the west Pacific, and the agree-
ment with the criterion of the simple model for moving
from regime III through to I is apparently much better.

The composition averaged over all 12 states for the
two models is given in Table 3. Comparing Tables 3
and 1, it is notable that the NP component of the
throughflow is much greater in both GCMs than in
the simple model. This is because of the much longer
time spent in regime I due to retroflection of the SEC,
which also leads to less of a difference in averaged NP
composition between the GCMs with and without
Halmahera. In the simple model, the amount of time
spent in regime I (regime III) during the cycle was 20%
(40%) for NH1 and 40% (20% ) for H1. In the context
of Figs. 4 and 5 and the analysis of section 3b, R ~ 0.6,
—1.6 for NH1 and H1, respectively,and b ~ 2,a =0
= h, H = 1. Hence, the predicted NP compositions
are quite disparate. In the GCM, the fraction of time
in regime I is 50%, so the effective R ~ —1 for both
models and the fractions are more similar. The time
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FIG. 11. The monthly variation in ¥4, ¥y, and theoretical estimates
from (3.2) and (3.4), respectively.
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FIG. 12. An estimate of the throughflow composition in the GCM
for (a) no Halmahera, (b) including Halmahera. The water masses
distinguished are NP (long dash), SP (dot-dash ), RSP (double dot-
dash).

spent in regime III is only 25% (no Halmahera) and
8% (Halmahera), so b ~ 1.4, 1.0, respectively. From
Fig. 11, a ~ —0.16 in both models, and H ~ 0.8 and
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h ~ 2.6a. These calculations imply that the amplitude
of the perturbation to Yy or Y7, b could be as large
as O(1). In a Sverdrup model, the NECC spans about
2°S to 10°N depending on the season. In the real ocean,
the NECC is confined between a pronounced ridge in
the thermocline at about 10°N and a trough at 3°N,
which coincides with the latitude of the northern tip
of Halmahera. Therefore, variations in ¢, Y zrare not
expected to be as large as the above implies.

An estimate of the variation in NECC composition
in the two GCMs is shown in Fig. 13, and the average
over the 12 states is given in Table 3. In contrast with
the simple model, it is dominated by water fed directly
from the Mindanao Current, 60% compared with 21%.
In the simple model, there is a farther 25% (no Hal-
mahera) of RNP—that is, water from the Mindanao
Current—that has recirculated in the Indonesian Basin
before exiting to feed the NECC. There is sufficient
spatial resolution in the GCM to have the oppositely
directed currents in the gap between the Philippines
and PNG in the absence of Halmahera predicted by
the simple model, as shown in Fig. 1. However, viscous
effects are sufficient that the Mindanao Current sepa-
rates at the southern tip of the Philippines and flows
eastwards. In the model with Halmahera, there is not
sufficient spatial resolution to have oppositely directed
currents between the Philippines and Halmahera, so
the excess water flushing through the Celebes Sea must
exit south of Halmahera.

5. Discussion

A simple dynamical model, designed to give a qual-
itative description of the composition of the Indonesian
Throughflow and NECC, has been presented. Given
the value of the streamfunction for the depth-integrated
flow on Australia-PNG and Halmahera, and its value
at the interior edge of the western boundary layer at
the northern tips of PNG and Halmahera and the
southern tip of the Philippines, then the composition
in terms of water masses directly fed from the Min-
danao Current and SEC and fed after circulation within

TABLE 3. Estimate of composition in GCM averaged over an annual cycle.

Throughflow (in Sv and percent of Yrr)

NP SP RSP Ya Yu

No Halmahera 9.54 (74.3%) 3.30 (25.7%) - —12.84 —
Halmahera 10.75 (83.5%) 0.98 (7.6%) 1.14 (8.9%) —12.87 —12.98

Yy =—LI5 Yur = —8.03
NECC (in Sv and percent of Ynece)

NP SP RNP Ynece

No Halmahera 16 (39%) 24 (59%) 1(2%) 41

Halmahera 14 (35%) 25 (62%) 1 (3%) 40
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F1G. 13. An estimate of the NECC composition in the GCM. The
water masses distinguished are NP (long dash), SP (double dot-dash),
which includes WBL and RSP, and RNP (short dash).

the Celebes Sea is determined. The model does not
determine the change in water mass properties due to
either horizontal or vertical mixing in the Indonesian
seas. Also, it does not take into account modifications
to the streamline pattern west of the entrance into the
Indonesian seas due to local wind forcing or topo-
graphic effects. The channels between Halmahera and
the Philippines and PNG are wide and deep, so topo-
graphic effects are likely to be small in this region. Also,
local wind forcing is unlikely to develop sufficient fetch
to modify the streamline pattern significantly, but it
will affect the magnitude of the circulation around
Australia on seasonal time scales. Three principal
composition regimes were identified. Typically, the
throughflow is composed of water of wholly NP origin
if the pressure in the equatorial west Pacific is low (¥
< yY,), and of wholly SP origin if it is high (Y = 0);
it is a mixture for intermediate values.
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It is likely that the observed freshness of the
throughflow is due to retroflection of the SEC into the
NECC, as proposed by Godfrey et al. (1993), so giving
athroughflow fed by the Mindanao Current. However,
there are several other possibilities that have been ex-
plored here. First, Godfrey et al. (1993) did not take
into account the small but important island of Hal-
mahera, which spans the equator. Its inclusion leads
to a revised estimate of 70% SP-30% NP for the
throughflow composition. Second, there may be suf-
ficient variability in the west Pacific on seasonal and
interannual time scales that the system does not just
exhibit the climatological mean gyre closures—that is,
regime IIb—but spends time in regimes I and II. Third,
in all the composition regimes of the simple model,
there is a component of NP water that flushes through
the Celebes Sea before exiting to make up the NECC.
This could explain the apparent freshness of the In-
donesian seas, and if sufficient mixing occurs, then it
will contribute to the freshness of the throughflow. The
total amount of NP water entering the Indonesian seas
is given by the magnitude of the streamfunction at the
interior edge of the western boundary layer at the
southern tip of the Philippines—that is, Y ». Godfrey’s
(1989) Sverdrup streamfunction pattern from Hell-
erman and Rosenstein’s ( 1983 ) wind-stress climatology
would give 20 Sv total NP water entering the Indone-
sian basins, and 15 Sv of SP water in the absence of
Halmahera, and about 10 Sv if Halmahera is taken
into account. In practice, it could be yp rather than
Yyt that determines the throughflow freshness.

A simplified GCM was used to show different types
of west Pacific Ocean states that could be generated by
realistic wind stresses. The simple model predicts re-
gime III of wholly SP origin for six months of the year.
Viscous effects reduce this time to only one to three
months with the system in regime I for six months.
There is also a corresponding reduction in the com-
ponent of the Mindanao Current flushing through the
seas before exiting to make up the NECC.

The results are in broad agreement with the Lukas
et al. (1991) buoy observations. Of buoys seeded in
the Mindanao Current in June and tracked through
September, three were advected directly into the
NECC, two entered the Celebes Sea then exited into
the NECC, two continued into the Makassar Strait. A
further four buoys entered the Celebes Sea, but did not
survive the measuring period. Of buoys released in the
SEC, three buoys became entrapped in the Halmahera
eddy, three entered the NECC before reaching the eddy,
and one was grounded on Halmahera. Careful inspec-
tion of the Lukas et al. (1991) map reveals that all
drifters were well north or east of the Halmahera-PNG
entrance by the end of July, so it is not surprising that
regime III was not found.

In conclusion, Gordon’s (1986) annual-mean salin-
ity calculation for the Indonesian region is not incon-
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sistent with that which would be predicted by a Sver-
drup model with simple western boundary-layer dy-
namics, but mixing within the Indonesian seas must
be taken into account. Enough NP water is flushing
through the basins, especially over the winter months,
to give the required freshness. Halmahera’s more
northerly location is very important, and it should be
included in any model of the region. Clarke (1991)
has also emphasized the importance of the inclusion
of Halmahera in the reflection and transmission of low-
frequency waves. The regional geometry is also im-
portant. The connection between the Pacific and Indian
oceans should be modeled as a series of basins con-
nected by narrow straits within which mixing between
various water masses can occur. If it is modeled as a
wide passage, as in Godfrey (1989), then more complex
dynamics must be invoked to explain the apparent
freshness.
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