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What controls the origin of the Indonesian throughflow? 
Doron Nof 

Department of Oceanography and Geophysical Fluid Dynamics Institute, Florida State University, Tallahassee 

Abstract. The question of which water enters the Indonesian passages is a subject of 
outstanding debate. This article represents another attempt to address this issue using a 
new nonlinear model. The new model illustrates that the origin and composition of the 
Indonesian throughflow are determined by the structure of the opposing and retroflecting 
currents situated to the east of the passages. The nonlinear "layer-and-a-half model" is 
composed of an eastern and western basin (corresponding to the Pacific and Indian 
Oceans) connected via a channel representing the Indonesian passages. The channel cuts 
through a separating wall which runs from the northwest to the southeast; the retroflecting 
currents are taken to be zonal. Nonlinear solutions are constructed analytically by 
balancing the flow force associated with the boundary currents flowing along the wall in 
the western Pacific. It is found that, without retroflection (that is, the entire flow along the 
western wall in the Pacific enters the passage), the throughflow must originate in both 
hemispheres, with 70% of the transport coming from the north and the remainder coming 
from the south. It is impossible for the flow to originate only from one side of the 
channel's entrance because, under such conditions, the momentum imparted by this flow 
on the fluid near the entrance to the channel cannot be balanced. When retroflection is 

present (that is, only a fraction of the western boundary current system in the Pacific 
enters the channel) and the coastline is tilted, the above division of transports is 
dramatically altered. For some range of parameters the balance requires that fluid exit the 
channel rather than enter it. This is not the case, however, for the Indonesian 
throughflow, where about 1 Sv must enter from the south and 11 Sv (_+5 Sv) must enter 
from the north. Since opposing retroflecting currents flowing next to a solid wall 
containing no channels or gaps can be stationary only if their transports satisfy a given 
ratio, it is suggested that the fact that the retroflection is situated immediately to the east 
of the Indonesian passages is not accidental. Namely, it is argued that the western 
boundary current system in the Pacific is stationary because it is situated next to the 
Indonesian passages. In this particular position the portions of the transports which do not 
allow satisfaction of the stationarity condition leak out into the Indian Ocean. 

1. Introduction 

The Indonesian throughflow is unique because it corre- 
sponds to a "bottleneck" which connects two major oceans 
(Figure 1). It has been suggested that the throughflow is the 
major route for return flow of thermocline water from the 
Pacific to the Atlantic [Gordon and Piola, 1983; Gordon, 1985, 
1986; Broecker, 1991], but there is no agreement on exactly how 
(and if) the "Great Conveyer Belt" operates. Observational 
estimates of the throughflow range from 2 to 20 Sv [see, e.g., 
Wyrtki, 1961; Piola and Gordon, 1984; Fine, 1985; Fu, 1986; 
Toole et al., 1988; Murray and Arief, 1988; Murray et al., 1990; 
Meyers et al., 1996; Fieux et al., 1994; Cresswell et al., 1993; 
l, lqjffels, 1993], whereas computational estimates (based on nu- 
merical modeling) range from 10 to 18 Sv [Cox, 1975; Godfrey, 
1989; Godfrey and Golding, 1981; Godfrey et al., 1993; Semtner 
and Chervin, 1988, 1992; Kindle et al., 1987, 1989; Inoue and 
Welsh, 1993; Hirst and Godfrey, 1993]. This article focuses on 
the origin of the throughflow and on how the origin is con- 
trolled; that is, we focus on where the water is coming from and 
why it is coming from the location that it does. 
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1.1. The Island Rule and Its Implications 

A new way of computing the throughflow transport was 
recently introduced by Godfrey [1989]. The method, which is 
referred to as the "island rule," enables one to compute the 
transport around an island from the wind field immediately to 
the east (see Godfrey [1989] and Wajsowicz [1993a, b] for ex- 
tensions of the rule to multiple islands and variable topogra- 
phy). When the island rule is applied to Australia, one finds 
that about 16 Sv flows northward between the island and South 

America. Furthermore, when this condition is combined with 
the known condition of no wind stress curl at 2øN and linear 

Sverdrup dynamics (i.e., no meridional transport in either the 
interior or the western boundary current), then one finds that 
all the Indonesian throughflow must originate from the South 
Pacific and enter the passages as a zonal current [Godfrey et al., 
1993]. This contradicts the observations which strongly suggest 
a predominantly North Pacific source [Fine, 1985; Ffield and 
Gordon, 1992; Gordon, 1995; Fine et al., 1994]. Of course, since 
the North Pacific is closed, all the throughflow water must have 
come at some point in time from the South Pacific, but the 
combination of the island rule and linear Sverdrup dynamics at 
2øN suggests that the throughflow water has never been in the 
North Pacific, and the observations suggest otherwise. 

Godfrey et al. [1993] recognized the above difficulty and 
suggested that it can perhaps be resolved by allowing the South 
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Figure 1. The flow pattern in the Indonesian passages (adapted from Ffield and Gordon [1992]). The North 
Equatorial Current (NEC) and the resulting Mindanao Current (MC) approach the passages from the north, 
whereas the South Equatorial Current (SEC) approaches the passages from the south. The North Equatorial 
Countercurrent (NECC) carries water to the east. 

Equatorial Current to retrofiect (north of 2øN) and enter the 
throughflow after flowing eastward and joining the westward 
flowing North Equatorial Current. An alternative scenario 
would be that at least some of the water that ends up in the 
throughflow would first flow northward as a deep western 
boundary current or as a deep boundary current that crosses 
the equator along one of the deep channels in the central 
Pacific. Ultimately, the water associated with such a current 
would reach the North Pacific, where it would then upwell and 
return southward via the Mindanao Current. Under such con- 

ditions the northward flow of 16 Sv occurs via a boundary 
current and not via the interior so that it is not subject to the 
Sverdrup constraint. 

1.2. The Earlier Models and Their Weaknesses 

Consistent with the above scenario, Nor [1995 a, b] proposed 
that the origin, magnitude, and composition of the throughflow 
are all controlled by the boundary currents in the immediate 
vicinity of the entrance to the passages. The model includes 
two western boundary currents encountering two gaps. As a 
result of the encounter, a fraction of the two currents enters 
the passages and forms two boundary currents on the other 
side. On the basis of integrated momentum computations and 
the characteristics of the initial boundary currents in the Pa- 
cific, Nof[1995b] argued that 6 Sv (+5 Sv) must come from the 
North Pacific and I Sv from the South Pacific. This is one of 

those unique cases where the difference between linear and 
nonlinear theory is enormous. While linear Sverdmp dynamics 
suggests a predominantly southern source for the throughflow, 
nonlinear theory (which does not require the boundary current 
transport to be equal and opposite to the interior transport) 

suggests a northern origin. Unfortunately, however, Nof's 
model left several important issues unresolved. One such issue 
is that Nof's f-plane computations require the existence of 
boundary currents to the west of the gaps. On a/3 plane, such 
currents would drift westward, and consequently, the com- 
puted balances would not hold. One of the aims of the present 
article is to address this issue. 

1.3. Present Approach 

To resolve the above difficulty and put the boundary currents 
idea on a firmer ground, we shall consider here a model that 
does not require the existence bf eastern boundary currents in 
the (modeled) Indian Ocean. To do so, we shall approximate 
the Indonesian Seas with a straight channel connecting the 
Pacific and Indian Oceans (Figure 2). Obviously, this geomet- 
rical simplification is quite severe but is, nevertheless, neces- 
sary if we are to thoroughly understand the processes in ques- 
tion. Such a geographical representation is in line with other 
investigations of the Indonesian throughflow [e.g., Godfrey et 
al., 1993; Wasjowicz, 1993a, b; Nof, 1995b]. Furthermore, we 
shall assume that the flow becomes parallel to the channel 
walls immediately after entering the channel (Figure 3). Justi- 
fication for this assumption is given in section 2. Using con- 
servation of integrated momentum along the coast, the rela- 
tionship between the approaching currents, the retroflected 
currents, and the flow entering the channel will be computed. 

The formulation leading to the above balance is described in 
section 2. For simplicity, we shall first analyze the case where 
there are no retroflected currents in the basin (section 3). We 
shall see that, even without retroflection, most of the water 
entering the channel must originate in the North Pacific rather 
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Figure 2. A diagram for the simplified geometry of the entrance to the Indonesian Seas. The Indonesian 
Seas are taken to be a channel running from the northeast to the southwest and crossing the equator. The 
dashed line shows the area on which we focus. 

than the South Pacific. This asymmetry is due to the nonlin- 
earity of the approaching currents; quasi-geostrophic theory 
would yield a symmetrical result. With retroflection (section 4) 
the problem becomes fairly complicated and all sorts of bal- 
ances are theoretically possible. For example, under some con- 
ditions, water must flow from the channel to the oceanic basin 
(representing the Pacific) rather than from the basin to the 
channel. For the particular conditions corresponding to the 
Indonesian passages (section 5), however, about 11 Sv (_5 Sv) 
must come from the north and 1 Sv from the south. 

2. Formulation 
. 

Consider again the model shown in Figure 3. It contains an 
active upper layer with a density p and an inactive lower layer 
with a density p + Ap. A channel, whose width is 2a, drains 
some of the oceanic water as shown. The drained water orig- 
inates from a boundary current system which contains a 
retrofiection leading to an eastward jet. Even though •3 is the 
agent responsible for the generation of the western boundary 
currents in the first place, it is neglected in the equations 
governing the vicinity of the channel. This approximation is 
justified because the meridional scale of our mesoscale process 
(-•-O(a) -•-O(R,•), where R,• is the Rossby radius) is -•O( 100 
km) so that the parameter a/.•o (where.•o is the distance from 
the equator to the entrance of the channel) is roughly 0.4, 
which is smaller than unity. In other words, the distance from 
the entrance of our modeled channel to the equator (300-400 
km) is greater (though not much greater) than the average 
Rossby radius for the problem (---200 kin, corresponding to a 

depth of 200 m, #' of 2 x 10 -2 m s -2, and a Coriolis parameter 
of 10 -5 s -l) implying that/3 is not dominant. 

The presence of/3 does enter the problem, however, through 
the orientation of the retroflected currents and through the 
employment of a channel model over a gap model. Namely, 
even though/3 does not enter the governing equations, it enters 
the model through the choice of the model's geometry. This is 
reflected in the following aspects. First, the orientation of the 
retroflected current is taken to be zonal because, otherwise, 
the current would drift along the coast due to/3 [Nof, 1993]. 
This choice is in agreement with the observations (see Figures 
4 and 5). Second, to avoid eastern boundary currents in the 
modeled western basin which contribute to the momentum 

balance [Nof, 1995b] and yet cannot be maintained on a /3 
plane, we adopt a channel model. 

It should be added in this context that the above aspects of 
/3 are important because they result from processes that, al- 
though relatively small, accumulate over a long time. Such 
processes eventually become larger and cannot be neglected. 
Other aspects of/3 are small at all times and therefore are not 
taken into account. 

It is also assumed here that the streamlines become parallel 
to the channel walls immediately after entering the channel. 
Under such conditions the flow within the channel does not 

contribute to the longshore momentum balance. In reality, it is 
expected that, within the channel, the streamlines would be 
curved up to a distance of O(a) away from the entrance, but 
the assumption is, nevertheless, reasonable and has been suc- 
cessfully used before in channel models [see, e.g., Nof, 1978a, 
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Figure 3. Schematic diagram of the throughflow model. T 1 represents the transport of the Mindanao 
Current approaching the passage from the north (positive for a flow in the positive x direction), T2 is the 
transport of the South Equatorial Current approaching the passage from the south (taken to be positive for 
the flow in the negative x direction), and T•c and T2c are the fractions of these currents which enter the 
channel (positive for flows in the negative y direction). T•n and T2s are the fractions of the approaching 
currents that are retroflected and flow eastward. The angle 7 is the tilt of the coastline. The "reduced-gravity" 
model consists of an active upper layer and an inactive lower layer. The thick dashed line indicates the 
boundary of the integration area. The simplifications of the model do not preclude the presence of the 
Halmahara Eddy (HE) and the Mindanao Eddy (ME). However, such eddies do not enter the computations 
directly because they are situated away from the boundary of the integration region. Here •9o is the distance 
from the origin of the coordinate system (corresponding to the intersection of the coastline and the axis of the 
retroflected current) and the equator; it is roughly 300-400 km. The average Rossby radius is 150-200 km so 
that the region of interest (shaded) does not contain the equator. 

b, 1981]. Dynamically, this assumption implies that the actual 
curvature of the streamlines at the entrance to the channel is 

either small and negligible or, at the very least, is symmetrical 
with respect to the axis of the channel so that it does not 
contribute to the longshore flow force. 

2.1. Governing Equations and Boundary Conditions 

All the regions several deformation radii away from the 
entrance to the channel are governed by the one-dimensional 
potential vorticity equations and geostrophy. Regions I and 2 
obey 

--Oui/Oy q- f= hi.f/Hi (1) 

fu i -'- -#'Ohi/Oy, (2) 

where i = 1, 2 and the remaining notation is conventional. 
(Note that variables are defined both in the text and in the 
notation section). The coordinate system x, y has its origin at 
the intersection of the coastline and the streamline separating 
the two retroflected currents; x is pointing along the coast and 
y is directed offshore (Figure 3). Region 3 is subject to 

--c•l•3nlc•.• 4-f= h3nFHl (3) 

-Oti3.,.lO.P + f = h3ff/H2 (4) 

ft• 3 = -g' Oh3/Oy , (5) 

where the hat denotes association with the tilted coordinates 

system 2, p; the coordinates of this tilted system are oriented 
toward the east and north, respectively. The depths H• and H 2 
correspond to the undisturbed regions away from the wall, and 
the subscripts "n" and "s" indicate association with the 
"northern" and "southern" branches, respectively (see Figure 
4). 

The boundary conditions for regions 1 and 2 are 

U i '•> O; h i '--> Hi; y --> c½; i = 1, 2, (6) 

which imply that the velocity decays offshore. Similarly, the 
boundary conditions for region 3 are 

/•3n • 0; ]•3n • HI; .• • cx•, (7) 

/• 3s •-> 0; h 3s •-> H2; .P --> --m, (8) 
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t•3n '-- t•3s; •3n '-- •3s} .• '-- 0. (9) 

Conditions (7),iatld (8) imply that the velocities decay away 
from the retro[iected jet'/• axis, whereas (9) requires the con- 
tinuit, y of pressur.e and velocity across the vorticity front (.9 -- 
0). The contiqu. ity of velocity across the inviscid jet's axis 
results from,,an application of •he Bernoulli principle to the 
separating streamline which can be traced back to the up- 
stream regions •vhei'e the velocities are continuous (see Figure 4). 
It can be easily derhonstrated that the above boundary conditions 
are not sufficient t.o. connect i'egions 1, 2, and 3 and close the 
problem without solving for the detailed flow near the entrance to 
the channel. Closure without solving for the detailed flow in the 
vicinity of the channel can be achieved, however, by considering 
the constraints i:liscussed in the following section. 

ß 

2.2. Consttaifiis ,i 
. 

2.2.1. Mass. This f•"miiiar constraint can be written as 

• vhdx + • uhdy = O, (10) 
where the arrowed circle indicates counterclockwise integra- 
tion along the boundary shown in Figure 3. 

2.2.2. Integrated momentum. Although some readers may 
be familiar with this constraint, it is useful to derive it from first 
principles. Consider the region S bounded by the dashed line 
shown in Figure 3. Multiplication of the x momentum equation 
by h and integration over S gives 

ii( u)Ii hu •xx + h v • dxd y - f vh dxd y 

+ 5- (h') dxdy = 0, (11) 

T•c •-- 
I 
I 

•c • I 

J / / / / / / 

/ 

/ I 

x{ 

h=H 

TOP VIEW 

,,,,.,.••VIEW 

•] (p + ap) 
Figure 5. A schematic diagram Of a 'z9nal channel (that is, 7 
= •r/2) withdrawing.fluid from an ocean that is stagnant off- 
shore (i.e., no retroflection). As shown in the text, withdrawal 
must be taking place from the two opposing sides (i.e., right 
and left, looking offshore) because this is the only way that the 
integrated momentum (or flow force) along the shore can be 
balanced. Furthermore, the approaching currents are not sym- 
metrical due to the nonlinearity Of the governing equations. As 
a result, considerably more fluid originates from region 1 than 
from region 2. 

h=H1 

Figure 4. Schematic diagram of the separating streamlines. 
Fluid entering the channel is shaded. Fluid north of the sepa- 
rating streamline corresponds to a potential vorticity f/H•, 
whereas fluid to the south corresponds to a potential vorticity 
.f/H 2 (where H 2 --> Hi). It is expected that the conjectured 
flow will contain a stagnation point (S) where the four stream- 
lines meet. Whether or not such a stagnation point actually 
occurs is not important for our calculations because only in- 
formation on the boundary of the integration area enters the 
computations. 

which, by using the continuity equation and stream function 
can be reduced to 

•-• (hu 2) + •-• (hu v) dxdy - f • dxdy 

tl'IIa(h2) +-• ox dxdy = O. 

Application of Stokes' theorem to (12) gives 

(12) 

4, huv dx - •4, (hu2 + 9"h2/2 - f½) dy = 0, (13) 
where 45 is the boundary of S. Since at least one of the two 
variables u and v vanishes o n all portions of the boundary 45 
except line CD in Figure 3, (13) reduces to 

(hu 2 + 9,'h2/2 - f½) dy + huvdx = 0. (14) 

Using the tilted coordinate system 2, p, (14) can be written 
as 
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(h,u• 2 + # h,/2 -fO,) dy = (h2u22 + #'h22/2 

-fq,2) dy+ cosyf••(h3t•3•+a'fi32/2-fO,3) dY. 
(•5) 

• 2 
For convenience, we define ½ to be # H•/2f in the stagnant 
region away from the northern wall and north of the separated 
eastward jet (i.e., the vicinity of point E, Figure 3). 

Leaving the integrated momentum equation (15) aside for a 
moment, we note that since the flow is geostrophic in sections 
1, 2, and 3, it follows that 

• 2 
-f½• + # h•/2 = c, (16a) 

-f½2 + #'h22/2 = c2 (16b) 

--fO3 + g'•32/2: c3, (16C) 

3. A Basin Without Retroflecting Carrents 
We shall first examine the simplest possible model for the 

throughflow. Consider a channel emptying an ocean that is 
stagnant away from the shore as shown in Figure 5. The gen- 
eral solution of (1) and (2) satisfying the boundary condition 
(7) is 

fRd 
u • = A •e-Y/Rd; h • = H + -- A •e-Y/Rd 

#' 
(19a) 

fgd 
U 2 -- A 2e -Y/•a; h 2 = H - -- A 2e -Y/•a ( 1 9b) 

where R a -= (#'H)•/2/f, H is the uniform offshore depth and 
A • and A 2 are constants, one of which is given and the other 
is unknown. Substitution of (19) into (18) (with fi3 • 0) gives 
an algebraic equation which relates the current at region 1 to 
the current at region 2, 

3 2 (g'H)•/2= (g'H) •/2 (20) 3 2 ' 

where integration in the cross-stream direction has been per- 
formed so that c •, c 2, and c 3 are the, yet unknown, integration 
constants. We further note that in the stagnant region bounded 
by the separated jet on the left (looking offshore) and the wall 
on the right (i.e., the vicinity of point C in Figure 3), both h 2 
and h 3 go to H 2 and ½3 '•> ½2, implying that c3 = c2. Similar 
arguments hold for the region in the vicinity of point E, where 
½• •3 , 2 2f, implying that = = gH•/ 

c• = c2 = c3. (17) 

With the aid of (17) we now return to the integrated mo- 
mentum equation (15). We recall that the flow is geostrophic in 
all the sections away from the entrance to the channel, and this 
leads to our desired integrated momentum constraint 

h•u• 2 dy + h2u22 dy + cos 3/ h3t2 • d• = 0. 

It is important to note that, even though the (uniform) Coriolis 
parameter f does not explicitly appear in this integrated mo- 
mentum constraint, there is an important fundamental differ- 
ence between the rotating and the nonrotating constraint. The 
difference is that in the nonrotating case (i.e., relation (14)with 
f = 0) the pressure term g'h2/2 does not drop out of the 
equation so that instead of (18), one obtains the familiar rela- 
tionship 

•()• f 0 • 2 (h,u• 2 + g'h•2/2) dy + (h2u2 2 + g h2/2) dy 

+ (h3t•32 + # h3/2) d• = 0; f= 0. 

Note that (18) cannot be reduced to the nonrotating case 
(upon substitution off = 0) because the steps leading to it are 
invalid for f = 0. We shall see in the next sections that, 
together with the boundary conditions, the above constraints 
are sufficient to close the problem. 

If we take the current in region 2 (analogous to the part of the 
South Equatorial Current that enters the channel) to be 
known, then the current which must approach the channel 
from the other side to balance its flow force can be computed. 
For example, ifA 2 = (#'H) •/2 (i.e., the current approaching 
the channel from the south surfaces at the coast (h 2 = 0 at y 
= 0)), then the only physically relevant solution of (20) is A• 

5 

= - (#'H) •/2/2, which implies that •#'H2/f will be trans- 
ported to the channel from region 1 (i.e., the north) and a 
slightly smaller amount, g'H2/2f, will be transported from 
region 2 (i.e., the south). 

The ratio between the two transports depends, of course, on 
the strength of the current originating on the right (i.e., region 
2, which is specified). The relationship between these two cur- 
rents is shown in Figure 6, which illustrates that the transport 
from the left (region 1) must always be greater than the trans- 
port from the right (region 2). For instance, when the transport 
of the current originating from the right is O.lg'H2/f, then the 
transport from the left is more than twice as much. This asym- 
metry results from the nonlinearity associated with the cur- 
rents' amplitude. Quasi-geostrophic flows (i.e., small ampli- 
tude) would be symmetrical. 

4. The General Problem 

The solution to the general problem is considerably more 
complicated than the no-retroflection case, even though it fol- 
lows the same principles. We begin by noting that the matching 
of velocity and depth along•9 = 0 in region 3 immediately gives 
us the entire solution for this area. Namely, the general solu- 
tion for region 3 is 

fRdl 
Ll 3n = A 3n e -.•/Ra,. h 3n = H• + -- A 3n e (21) 

fRd2 
Ll 3s --- A 3serifa'; h 3s = H2 - -- A 3s ½•/•a2, (22) 

g' 

where n and s denote the northern (/9 -> 0) and southern 
< 0) regions. This system contains two unknowns, A3n and 
A 3s, which can be easily obtained by considering (9). One finds 
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#' (H• - H•) 
A3n =Ax, f(Ra, + Ra2) ' (23) 

Since the flow in region 2 is specified and the flow in region 3 
is now known, we can proceed and calculate the fraction of this 
flow which enters the channel. This is done simply by subtract- 
ing the offshore transport from the specific upstream transport. 
It gives 

= 2f f-•a2 2-f-•a2 + •22-1 . (24) 
The next step is to employ the integrated momentum (18) 

which, with the aid of our solution for the various regions, can 
be written as 

T 3 2 2 

{ (H, + H2) [ g' (H2 - H,) • 2 + 2 

- a' 7 cos 
, 

This cubic equation provides the solution for A • in terms ofA 2 
and the other known variables and hence closes the problem. 
It turns out that, except for the trivial solution which does not 
sense the presence of the channel (and for separated jets that 
approach the wall rather than going away from it), it has only 
one physically relevant solution. Understanding this physically 
relevant root is not a trivial matter, however, as we shall shortly 
see. For this reason, many aspects of the solution will be 
described in a graphical manner. 

For simplici•, we shall first present the retroflected solution 
for the case where there is no coastline tilt (that is, T = 90ø). 

T1 

(g'•2n) 

1.0 

0.5 oø• 

(g'H22n) 

Figure 6. The relationship between the transport of the cur- 
rent originating on the left (looking offshore) to the transport 
of the current briginating on the right for the no-retroflection 
case. Since no fluid turns offshore, the upstream currents enter 
the channel without losing any mass and T• = T•c; T 2 -- T2c. 
The line T• = T 2 is shown merely for a comparison. Note that 
the transport from the left T• is always greater than the trans- 
port from the right T 2. The largest ratios occur when T2/ 
(g'H2/f) is smaller than 0.2. 
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Figure 7. The transport approaching the channel from (top) 
the north T•, (middle) its retroflected branch T•n, and (bot- 
tom) the retroflected southern current T2s as a function of the 
specified southern flow T 2 and the depth ratio Hi/H 2. Note 
that T•n and T2s are independent of T 2 and 7. There is no 
coastline tilt (that is, the western boundary is meridional cor- 
responding to 7 = 90ø; for clarity, the associated geometry is 
shown in the inset). Note that T• is positive when it is directed 
in the positive x direction, and T 2 is positive when it is directed 
in the negative x direction. T•, and T2s , on the other hand, are 
positive when they are directed in the positive y direction. T•c 
and T2c are positive when they are directed into the channel 
(i.e., in the negative y direction). 

This is shown in Figures 7 and 8, which illustrate that, as in the 
no-retroflection case, the transport from the north is greater 
than the transport from the south. The most general solution 
corresponding to both retroflection and coastline tilt is shown 
in Figures 9-11c. They show that the combination of retroflec- 
tion and coastline tilt introduces a number of new interesting 
possibilities. For instance, under some range of parameters, 
both flows in the channel are negative, indicating fluids exiting 
the channel and entering the Pacific rather than exiting the 
Pacific and entering the Indian. Also, we see that, for another 
range of parameters, there are no solutions to the problem, 
indicating that the flow must be unsteady. 
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Figure 8. The transports entering the channel from (top) the north T•c , and (middle) south T2c and 
(bottom) the ratio between these transports as a function of the specified southern transport T 2. Note that T2c 
is independent of 7 and that negative values correspond to a flow into the Pacific. There is no coastline tilt 
(that is, y = 90ø). 

5. The Indonesian Throughflow 
As mentioned in the Introduction, we will focus on the 

vicinity of the entrance to the Indonesian seas and use the 
geometry shown in Figure 2 as an approximation of the actual 
geography. 

5.1. The Offshore Depths 

Before one can assess the applicability of the model to the 
throughflow, it is necessary to determine the offshore undis- 
turbed depths H• and H 2. These undisturbed depths at the 
edge of the boundary current north and south of the channel 
can be computed from the familiar vertically integrated i mo- 
mentum equation, 

g' 0 •?) 
-fV: 2 o• (h2) q--- (26) p ' 

where V is the meridional transport and r? ) is the i compo- 
nent of the wind stress. Equation (26) holds both in the slug- 
gish ocean interior away from the boundaries and in the in- 
tense western boundary current where the flow is geostrophic 
in the cross-stream direction. To obtain the desired depths, the 
Sverdrup relation [/3V = -(1/p)(0r•(•)/0•], which holds only 
in the interior, is substituted into (26) and the resulting equa- 
tion is integrated from the eastern edge of the boundary cur- 
rent to the eastern boundary of the Pacific. Following the 
observations of Colin et al. [1971], it is further assumed that the 
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Figure 9. The transport approaching the channel from the north Tic as a function of the specified southern 
transport T 2 and the depth ratio H•/H 2 for various coastline tilts 3' (shown in the insets). As before, note that 
T 1 is positive when it is directed in the positive x direction and T 2 is positive when it is directed in the negative 
x direction. Tic and T2c are positive when they are directed into the channel (i.e., in the negative y direction). 
T•n and T2s, on the other hand, are positive when they are directed in the positive y direction. 

upper layer depth along the eastern boundary vanishes. One 
then finds 

2 f • o r? • 
H = •-• •- d• - r3 x) d• , (27) 

0 

where L is the width of the basin (much greater than Rs). 
South of the entrance to the channel at approximately 2øN 

(corresponding to f = 0.5 x 10 -s s-i), the annual average 
wind stress across the Pacific to the east is roughly 0.4 dyn 
cm -2 and the average wind stress curl is approximately zero 
[Stricherz et al., 1993; Hellerman and Rosenstein, 1983]. Taking 
the width of the Pacific to be about 16,000 km, #' = 2 x 
10-2m s -2 and/3 = 2 x 10 -ll m -1 s -1, one finds from (26) 
that H 2 = 253 m. North of the entrance to the channel at 
approximately 5øN (corresponding to f = 1.3 x 10 -s s-i), 
the annual average wind stress across the Pacific is somewhat 
higher than that at 2øN and is estimated to be about 0.5 dyn 
cm-2; the average wind stress curl is roughly 5 x 10 -9 dyn 
cm -2 [Stricherz et al., 1993; Hellerman and Rosenstein, 1983]. 
For these variables, (27) gives H• = 167 m. These two values 
for Hi and H 2 are identical to those used by Nof [1995b] for 
the so-called gap model. In what follows we shall use these 
depths in three different kinds of application to the through- 
flow, where the degree of complexity increases as we proceed 
from one application to the next. First, we will consider the 
simplest possible model, i.e., the no-retroflection solution. 
Then we will use the retroflection solution with no coastline 

tilt, and finally, we will consider the most complicated case 
which involves both retroflection and coastline tilt. 

Using the above numerical values, it is now possible to justify 
our neglect of frictional forces. To do so, it is necessary to show 
that the computed flow force along the wall • hu2dy is greater 
than the frictional force associated with the bottom boundary 
layer. In other words, it is necessary to show that 

h V2Ra >> (q'/p) Rae, (28) 

where •' is the length of the integrated region (several Rossby 
radii; see Figure 3) and r/p = 0.0016(u*) 2 (here u* is the 
frictional velocity). The left-hand side of (28) represents the 
computed flow force, whereas the right-hand side represents 
the integrated force associated with the stress along the bot- 
tom. Taking u* --- 0.1 m s -1, L --- 5 Rs, R s '"' 200 km, U 
0.7 m s -1, and H --- 200 m, we find that (28) translates to 6 >> 
1 as should be the case. This completes our demonstration 
that, as a first approximation, bottom friction can probably be 
neglected. 

5.2. The No-Retroflection Application 

Here we take the offshore depth to be the average of the two 
previously determined undisturbed depths north and south of 
the channel; this gives H = 210 m. By taking f to be 0.9 x 
10 -5 s -• (corresponding to 3.5øN), #' = 2 x 10 -2 m s -2, and 
arbitrarily specifying the upstream transport in region 2 to be, 
say, 2 Sv, one finds from Figure 6 that Ti/(g'H2/2f) is 
roughly 0.1. This implies that, under such conditions, the trans- 
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Figure 10a. (top) The transport of northern water through 
the channel T•c and (bottom) its ratio to the southern water 
transport T•c/T2c as a function of the transport approaching 
the channel from the south T2. Here the channel is meridional 
and the coastline is zonal; that is, • = 0. Note that negative 
values correspond to water flowing from the channel into the 
Pacific. 

port entering the channel from the north is roughly 5 Sv, which 
is more than twice the specified southern current transport (2 
Sv). This simple application demonstrates that there can never 
be a situation where fluid originates only from one side (e.g., 
the South Equatorial Current as discussed by Godfrey et al. 
[1993]). As mentioned before, in an analogy to a rocket, such 
a single current imposes a flow force in one direction and must 
be balanced by some sort of flow on the other side. 

The above application has two weaknesses, however. The 
first is that since there is no retroflection, the southern trans- 

port entering the channel must be arbitrarily specified. The 
second is that the ratio between the northern and southern 

transport is smaller than that suggested by the observations. 
Both of these weaknesses are resolved with the use of the more 

complicated applications discussed below. 

5.3. Retroflection but No-Tilt Application 

Here we shall use the depths H l and H 2 (computed earlier) 
and specify A 2/fRd2 to be 0.2. Such a numerical value of A 2 
corresponds to a South Equatorial Current (SEC) transport of 
about 26 Sv which is consistent with Kessler and Taft's [1987] 
observations and with Godfrey's et al. [1993] analysis. The 
transport entering the channel from the south is computed 
from (24) to be about 1.5 Sv. The remaining variables, the total 
transport from the north T•, and the transport entering the 
channel from the north T•c are determined from the solution 
(Figure 12, with •, = 90 ø) to be 18 and 3 Sv, respectively. We 
see that this application is better than the first one (i.e., the 
no-retrofiection case) because the southern transport entering 

Tic 

(g'H22/f) 

7= 45" 
T1 

Tlc•' '• Hi/H2 = 1.0 

H.•/H2 = 0.75 

Hi/H2 = 0.5 

Hi/H2 = 0.25 
0.1 

' 0[.3 ' d.5 

(g'H22/f) 

Tlc 

T2c 

10.0 

5.0 

0.0 

-5.0 

-10.0 

Hi/H 2 = 0.75 HI/H 2 = 0.5 

Hi/H 2 = 1.0 

HI/H 2 = 0.25 

Hi/H 2 = 0.75 Hi/H 2 = 0.5 Hi/H 2 = 0.25 

0'.5 T 2 
(g'H22/f) 

Figure 10b. The same as Figure 10a, except that 3/= 45 ø. 

the channel is not specified arbitrarily but, rather, is deter- 
mined from fitting the total South Equatorial Current trans- 
port to observations. However, this application is still not sat- 
isfactory as the ratio between the northern and southern 
transports is still small compared to the observations, which 
suggests that almost no water originates in the southern Pacific 
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Figure 10c. The same as Figure 10a, except that 3/= 135 ø. 
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[e.g., Gordon, 1995]. This will be resolved in the next applica- 
tion. 

5.4. Retrofiection and Coastline Tilt 

Here we again take Hi and H 2 to be 167 and 253 m (re- 
spectively) and specify,4 2/fRa2 to be 0.2 so that the transport 
approaching the channel from the south T 2 is again 26 Sv. 
However, in contrast to the previous example, we now add a 
tilt to the coastline; that is, we take 3/to be 45 ø rather than 90 ø . 
The transport entering the channel from the south remains the 
same as before (1 Sv) because (27) is independent of the tilt. 
However, the total transport from the north T• is now 27 Sv 
(see Figure 12, with 3/ = 45ø) and the branch entering the 
channel from the north now carries 11 Sv (that is, 16 Sv are 
retroflected). Both the transport from the north and the nature 
of the retroflection are consistent with the observations of 

Lukas et al. [1991] and Lindstrom et al. [1987]. 
This third application is the best of the three that we have 

considered. As in the second application, the transport enter- 
ing the channel from the south is not arbitrarily specified but, 
rather, is obtained by fitting the total known transport of the 
SEC to our transport in region 2. Also, the ratio between the 
two transports entering the channel (1 Sv from the south and 
11 Sv from the north) is in better agreement with the obser- 
vations. The improvement is due to the fact that when the 
coastline is tilted, the retroflected current imposes a larger 
momentum flux (or flow force) along the coast, implying that 
more water has to come from the north to balance it. 

Because of the simplifications involved in our model, the 
above predictions have a margin of error of roughly 5 Sv. The 
ratio between the northern and southern transports is higher 
than that given by Nofls [1995b] gap model, which gave 1 Sv for 
water entering the Indonesian Seas from the south and 6 Sv for 
fluid entering from the north. A determination of which model 
describes the observations better is impossible at this stage 
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Figure 11a. The transport entering the channel from (top) 
the north Tic and (middle) south T2c and (bottom) their ratio 
as a function of the offshore undisturbed depths ratio H•/H 2 
and the tilt of the coastline relative to the north 3/- Negative 
values correspond to fluid exiting the channel rather than en- 
tering it. Termination of curves indicates the absence of a real 
solution. The southern transport T 2 is fixed and equals g H2/f; 
that is, the thermocline surfaces at the coast andA 2/fRd2 = 1. 

because of our limited knowledge of the current system in the 
region. 

6. Summary 
This article describes a simple, analytical model of the dy- 

namics of the Indonesian throughflow in the context of a non- 
linear, frictionless set of equations. It has been shown in the 
past that for many physical situations a linear, frictional ap- 
proximation to a given problem can be solved analytically and 
that a nonlinear, frictionless approximation can also sometimes 
be solved. The two extremes often provide useful insight into 
the flow behavior of the full problem, which is both nonlinear 
and frictional and can seldom be solved. Godfrey et al. [1993] 
presented a linear, frictional solution to the problem of the 
Indonesian throughflow origin, with an idealized geometry; as 
noted, the throughflow originates from the South Pacific. 
Here, as well as in the work of Nor [1995a, b], we present a 
nonlinear, frictionless solution in a different but equally ideal- 
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Figure 11b. The same as Figure l la, except that T 2 = 
0.75(a'H/f) so that A2/fRa2 = 0.5. 

elements, many intriguing processes are possible. For instance, 
under some conditions, fluid must be imported by the model 
ocean in order to balance the momentum along the coast 
(Figure 11). Under other conditions, no steady solution is 
possible. 

For the Indonesian throughflow the amount of fluid origi- 
nating in the north must be an order of magnitude greater than 
that originating in the south. Specifically, for the numerical 
values typical for the throughflow, the channel model suggests 
that about 1 Sv originates in the south and 11 Sv in the north. 
All of these applications are quite general in the sense that 
they do not preclude the existence of steady eddies (such as the 
Halmahara and Mindanao) next to the entrance. 

Finally, it is suggested that the fact that the retroflection is 
situated immediately to the east of the Indonesian passages is 
not an accident. Most retroflections resulting from opposing 
currents (such as the Mindanao Current and the South Equa- 
torial Current) cannot be steady and must migrate along the 
coast [Agra and Nof, 1993]. This is a consequence of the im- 
balance in the flow force exerted by the two opposing jets 
which can be avoided only for particular fluxes and velocities. 
Here balance is achieved by leaking the unbalanced portions 
into the Indian Ocean. 
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ized geometry. This nonlinear, frictionless model provides a 
simple, direct representation of how nonlinear effects resulting 
from the retroflection of the South Equatorial Current cause 
most of the throughflow to originate from the north as ob- 
served. 

The answer to the question posed in the title of this paper is 
that the retroflection and the tilt of the coastline control the 
origin of the throughflow. This has been shown using a simpli- 
fied channel model (Figures 2 and 3) which illustrates how the 
flow force along the wall can only be balanced if the flow into 
the channel originates from both directions. Three versions of 
this nonlinear model were considered. The simplest possible 
version (Figure 5) is a no-retroflection model. It shows that 
due to the nonlinearity of the governing equation, more fluid 
must be originating from the north than from the south (Figure 
6). The second is a slightly more complicated model which 
includes retroflection but no coastline tilt. It shows that, again, 
more water must originate in the north than in the south, but 
the transport ratio is not dramatically different from that of the 
first version. The dynamics of the third version, however, are 
dramatically different from those discussed above (Figures 11 
and 12). This model contains both retroflection and coastline 
tilt and illustrates that due to a combination of these two 
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Figure 11c. The same as Figure 11a, except that T 2 = 0 so 
that A2 = 0. 
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Notation 

a half the channel width (see Figure 3). 
A 1, A2 velocities along the wall (y = 0) in regions 

1 and 2. 

A3n, A 3s velocities along the axis of the retroflected 
flow (• = 0). The subscripts n and s 
denote association with the northern and 
southern branches of the retroflected 

currents. 

c•, c2, c3 integration constants related to the stream 
functions ½, ½2, ½3' 

f Coriolis parameter (fo + /3y). 
#' "reduced gravity" (Ap/p) #. 
h current depth. 
H uniform offshore depth for the no- 

retroflection case (Figure 5). 
H•, H 2 undisturbed depths away from the wall. 

L width of the basin. 

• length of the integrated region. 
Ra Rossby deformation radius (#'H) TM2/fo. 

S integration area (see Figure 3). 
T• transport of the current from the north 

(positive when it is directed in the positive x 
direction). 

T 2 transport of the current from the south 
(positive when it is directed in the negative 
x direction). 

T•c transport entering the channel from the 
north (positive when it is directed in the 
negative y direction). 

T2c transport entering the channel from the 
south (positive when it is directed in the 
negative y direction). 

T•n transport of the retroflected branch of the 
current from the north T• (positive when it 
is directed in the positive x direction). 

T2s transport of the retroflected branch of the 
current from the south T 2 (positive when it 
is directed in the negative x direction). 

u, v velocities in the x and y directions. 
u* frictional velocity in the bottom boundary 

layer. 
2, • axes of tilted coordinates system pointing 

eastward and northward (Figure 3). 
•o distance from the equator to the entrance of 

the channel (see Figure 3). :, i 
qb boundary of integration area S sh'own in 

Figure 3. 
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•/ tilt of the coastline (see Figure 3). 
p upper layer density. 

(p + Ap) lower layer density. 
Zs (•) œ component of wind stress along the ocean 

surface. 

½ stream function in conventional coordinates 
oriented along and away from the coastline 
(Figure 3). 

½ stream function in the tilted coordinate 
system. 
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