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Abstract

The Island Rule, derived from the Sverdrup theory, is widely used to estimate and analyze water transport through
a strait. Previous studies presented single- or multi-island rules with either lateral or bottom friction. In this paper,
an analytical model of wind-driven circulation is assumed based on linear dynamics. Considering both lateral and
bottom friction, the analytic solutions of the transport streamfunction around the islands are derived and the
volume transport through the channel is presented. The results are similar to those of Wajsowicz, but the
frictional constants represent different values. The analytic solution shows that the relationship between the
lateral frictional and bottom frictional dissipation is complex in terms of the frictional constants. To understand
the interaction between the two friction types, lateral and bottom friction values were randomly chosen on a
barotropic beta plane. The result shows an approximately linear relationship between the lateral and bottom
friction in consisting of the combined frictional constants. We studied the effect of the channel width on the
transport through the channel. The results show that the friction enhances the flow under some widths, which is
similar to the flow behavior when only the lateral friction is considered. We also compared the transport through
the channel at different depths and founded that the deeper the water, the smaller the transport reduction ratio
when the horizontal eddy viscosity coefficient and the bottom drag coefficient remained constants. To further
present the combined role of lateral frictional and bottom frictional dissipation, we compared our model with the
model of Wajsowicz for two islands, where only the lateral or bottom friction were considered, with different
channel widths. The results showed that the effect of the lateral friction is greater than the bottom friction when
the channel is narrow, especially in the Munk boundary layer thickness. When the channel is much wider than the
Munk boundary layer thickness, the role of the bottom friction is greater than that of the lateral friction. The
model was applied to the Indonesian throughflow and yielded a reduction of approximately 20% in the transport.
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1 Introduction

The Island Rule was derived by Godfrey (1989), who pro-
posed an indirect estimation of the wind-driven transport
between an island and an eastern basin boundary, based on the
Sverdrup model with linear western boundary dynamics. One of
the most successful applications of the rule was in the calcula-
tion of the Indonesian throughflow (ITF) transport, which estim-
ated the transport as (16+4)x108 m3/s (Godfrey, 1989; Wajsowicz,
1993). This estimation agrees with later calculations of geo-
strophic transport (Wijffels et al., 1996) and depth-integrated
transport from direct measurement of current (Gordon et al.,
1999, 2010).

The limitation of Godfrey’s Island Rule is that it assumes that

all western ocean boundaries are remote; therefore, it cannot be
applied to islands located within the western boundary layer,
where the friction along the coast of the island should be taken
into account. This issue was studied by Wajsowicz (1993), who
considered the lateral or bottom friction based on the Munk-
Stommel model. The effects of friction within a narrow passage
were discussed by Pedlosky et al. (1997) and Pratt and Pedlosky
(1998), showing a similar solution to that of Godfrey’s model but
with less transport through a narrow strait.

The Island Rule was extended to consider the bottom topo-
graphy (Wajsowicz, 1993; Lian et al., 2017), multi-islands
(Wajsowicz, 2002) and time-dependency (Wajsowicz, 2010; Fir-
ing et al., 1999; Pedlosky and Spall, 1997), greatly extending the
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applicability of the theory. Wajsowicz (1993, 2002) studied the
role of the bottom topography through numerical experiments
and theoretical research and analyzed the changes in sea trans-
port volume with variable topography. Studying Atlantic and
Caribbean circulation, she expanded the Island Rule to form the
Multi-island Rule which includes the effect of bottom friction. By
adding the time evolution, Firing et al. (1999) modeled the basic
trend of water transport volume in the coastal area of Hawaii.
Yang et al. (2013) extended the steady-state island rule to include
seasonal variations and applied the new model to explain the re-
lationship between the Luzon Strain transport and the North
Equatorial Current bifurcation latitude. The model of Pedlosky
and Spall (1997) included the influence of different island shapes
on the transport volume.

The Island Rule was tested and applied to different sea areas.
For example, Chen et al. (2014) obtained the transport stream-
functions along the eastern coast of Africa. Cai (2006) calculated
the distribution of the transport streamfunctions in the Southern
Ocean to study the characteristics of the Southern Ocean super-
gyre circulation. Seung (2003) studied the dynamics of the
Tsushima Current by modifying the island theory. Although the
island theory has been applied to various types of sea areas, it has
been used most widely to analyze the ITF and the surrounding
circulation in the West Pacific warm pool (Godfrey, 1989, 1996;
Wajsowicz, 1994). The West Pacific warm pool includes many is-
lands and has an important effect on global climate change (Gor-
don et al., 2003). Different aspects of the island theory have been
studied. Qu et al. (Qu, 2000; Qu et al., 2006) explained the upper-
layer circulation and the heat and freshwater conveyor in the
South China Sea. Qu et al. (2004) studied the role of the Luzon
Strait transport in conveying the influence of the El Nifio South-
ern Oscillation to the South China Sea. Liu et al. (2012) explored
the link between the local monsoon system and the upper
thermal structure in the South China Sea throughflow. By analyz-
ing segments of the integration path of the wind stress, Wang et
al. (2006) found the interannual variability of the South China
Sea throughflow and Liu et al. (2010) explored the covariation
between the South China Sea throughflow and the ITF. Pratt and
Pedlosky (1998) studied the Island Rule with lateral friction, fo-
cusing on the flow enhancement produced by the lateral friction.
Using the same method, they also presented the Island Rule with
bottom friction. By comparing the width of the channel with the
friction boundary layer thickness, they could model various
channels with lateral friction or bottom friction in the real ocean.

In the studies mentioned above where the island theory is ap-
plied, friction is omitted (Liu et al., 2012) or only one type of fric-
tion is considered (Wajsowicz, 1993, 2002; Pratt and Pedlosky,
1998). In practical applications, there are channels such as the
English Channel where both bottom and lateral friction affect the
flow (Pratt and Pedlosky, 1998). In such cases it is difficult to
choose the type of friction and identify its effect. This paper is
based on the studies of Wajsowicz (1993, 2002) on the general
ocean circulation. Considering both lateral friction and bottom
friction, we derive the extended Island Rule. When the lateral
friction coefficient or bottom friction coefficient is zero, the con-
clusions are similar to the Island Rule of Wajsowicz (1993); thus,
our conclusions include and extend the results of Wajsowicz
(1993).

The paper is arranged as follows. In Section 2, the basic Is-
land Rule (Godfrey, 1989) is reviewed with several extensions re-
derived. The analytical results of the transport streamfunction
are obtained and the frictional values between two islands are
derived by considering the Munk-Stommel model. In Section 3,
the factors that form the combined frictional constants are ana-

lyzed and the conclusions on the interaction of lateral friction
and bottom friction are drawn. In Section 4, to explore the role of
bottom and lateral friction dissipation, we compare and discuss
the model of Wajsowicz for two islands with different channel
widths. In Section 5, our model is applied to the ITF and the re-
duced transport due to lack of friction is calculated. A discussion
and summary are presented in Section 6.

2 The Munk-Stommel model

The model in the study follows Wajsowicz (1993), with two is-
lands lying in the basin, one of the islands partially sheltering the
other island (Fig. 1). The ocean is assumed to be stagnant below a
certain depth, all the bottom topography is assumed confined
and the flow is modeled in terms of quasi-steady motion. The
surface wind stress is the only external force. The friction is as-
sumed to be negligible away from the western boundary layer,
but has an effect on the flow when the flow passes through the
channel between the islands. Let i) denote the transport stream-

function of the active layer, then the depth-integrated zonal and
0

9
meridional velocities for the layer are given by % =- / udz
0 ay —H,
)
and % = vdz, where H; is a constant, representing the
—H,

depth of the flat-bottomed ocean. Then, the depth-integrated
momentum equations (Pedlosky, 1996) are
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where fis the Coriolis parameter; P is the depth-integrated pres-

sure; p, is the characteristic density of the ocean; F= <F (x)., FW ))

is the depth-integrated friction term and 7 = (T(X), TU’)) is the
wind stress. The number of boundary conditions depends on the
form of F. Under no-normal flow conditions v/ is a constant at the
boundaries.

Fig. 1. Sketch of the islands and landmass used in the model.
The islands are remote from the western boundary. The paths C,
and C, are the enclosed paths flowing anticlockwise.

The streamfunctions vy and 1; flow around the islands to the

west of the landmass upon which =0, yielding:

1 B
o = 1, ideal + o /A F-dl, 3
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indicate the ideal streamfunctions when the friction is neglected.
Af, and Af, represent the difference between the Coriolis para-
meter at the northern and southern ends of the northern and
southern islands, respectively. Af,, is the difference between the
Coriolis parameter at the northern and southern ends of the
overlapping region of the islands (Fig. 1). C, and C, are the en-
closed pathways.

Equations (3) and (4) show that the streamfunctions depend
on the form of the friction. Previous studies considered either the
lateral or bottom friction, in terms of F = AyV?5 or F = —D¢,
where Ay and D; are the horizontal eddy viscosity coefficient and
bottom drag coefficient, respectively. They are given as Eqs
(4.1)-(4.5) in Wajsowicz (1993). To explore the interaction
between the lateral and bottom friction and their influence on v,
we performed analysis combining both types of friction. The con-
clusions extend the formulation of Wajsowicz (1993) or Pratt and
Pedlosky (1998).

To model the fluid in the basin, we consider the depth-integ-
ration Munk-Stommel model:

AV — AgV2 — 6% = —curl (j) , (5)

Po

D
where Ag = ﬁf . Following Pratt and Pedlosky (1998) or Wajsow-
0
icz (1993), the area between the islands is modeled by a single
channel of length L and width W; we assume that W/L < 1, so

9 9
that I > 3 in the barotropic equation as shown in Fig. 2.

Equation (5) becomes

oty R oY T
AHﬂfAsﬂf P :fcurl(—) . (6)

The wind stress term in Eq. (6) causes a Sverdrup flow which
is much smaller than the total transport in the channel (Pratt and
Pedlosky, 1998). Therefore, neglecting the right-hand term would
not cause a significant error. Using the Cardano formula, the

Fy=

/
w:v‘;l L - _)/;N. -
/ 1 |t
;V =1,
s /
/
0 x

Fig. 2. The coordinate system and the channel between the is-
lands. The single channel is shallow and narrow and the width is
much shorter than the length.

solutions to Eq. (6) have different forms under different condi-
tions.

8 \° As \° .
When ( - — | — | =— ] <0, solving the correspond-
24y 3Ay

ing homogeneous equation subject to the boundary conditions:

w(OvJ’) =1,
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($>x:0 a 07
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We obtain the transport streamfunction between the islands:

X

Y(x,y) = cotcieF +ce ez,
y

where r,, r, and r; are the solutions of the characteristic equation:
Aur® —Agr — 3=0;

Cy €, ¢, and ¢, are determined by the equations:

Cot+c1tcatc3 = Py,
cotcie ™ e e =
ciritcara+csrs = 0,

cirieWtcore?cargeV = 0. @)

Then, the dissipation along the integration path can be calcu-
lated as
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where |4] is the coefficient determinate of Eq. (7), and L=yp — ya
denotes the length of the channel.

®)

Let
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. B\ As \°
(yBAfj/A) r1|1r42|r3 [ (AHrf ) <e(”+’3)w B e("“”w) n Similarly, when <— 2an) ~\3a, > 0, the correspond-

ing homogeneous Eq. (6) has a solution in the form

(AHrg _ AS) (e(”1+f2)W _ e(r2+r3)W)+

(Awrd — Ag) (779 — lrisrow) ] , © (x,y) = ar+ere™ e (cs cos(x) +cssin( b)),
we can then obtain the simultaneous equations for ¢, and ¢»; as ~ where r,=r, r,=a+bi, r;=a-bi are the solutions of the characteristic
D D D D
equation. ¢y = %, = %, = %, 3 = %, and |D| is

Yo = Vo, ideal — MoT the coefficient determinant of the following equations:
- . 1deal k)

T}, ideal
=g — 1 = ——o, 10
1= %0~ % 14comyg (19) cotc1tcr = Py,
cot+cie”V4-cre™ cos(bW)4-cze™ sin(bW) = 1,
A Af oy bes =0,
where g9 = 1+ & _ Aon and T, denotes the volume trans- Clr+z/02+ 3w '
Afr Af cire’ 4+ (ae”" cos(bW)—
ported through the channel, e"bsin(bW)) cy+(ae™ sin(bW)+-e*bcos(bW))cs = 0;
T1, ideal = VYo,ideal — Y1, ideal = 1 ?{ Toa- |D,| is the determinant in which the i-th column is displaced by a
’ ’ Af1 Je, po . — .
° constant term in the above coefficient determinant.
(1 — Af""l) 1 Tdr The dissipation along the integration path can also be calcu-
Afy Afo Co PO

lated as
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eV [(3a’bAy — P Ay — bAsg) cos(bW)+(a* Ay — 3alP Ay — aAs) sin(bW))

Q
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[(® Ay — 3alPAn — aAs) cos(bW)+(BP Ay — 3a®bAn+bA ) sin(bW)]+
(rae®” cos(bW) — rbe™ sin(bW) — are’™)e™[(3a®bAy — P Ay — bAs)x

cos(bW)+(a* Ay — 3alP Ay — aAs) sin(BW)]] (o — ). an
Let
Fo= — % [(@+1)e™ sin(bW)re™ (Aur® — As)+(bre™ — rae® sin(bW) — rbe®” cos(bW))e" x
0
[(@®Ay — 3alP Ay — aAs) cos(bW)+ (P Ay — 3a*bAn+bAs) sin(bW)]4-(rae™ cos(bW) — rbe™ sin(bW) — are”™)e™ x
[(3&°bAy — PAy — bAs) cos(bW)+(a* Ay — 3alP Ay — aAs) sin(bW)]]. (12)
We have the corresponding simultaneous equations: channel, resulting in a larger volume transport. The combined
dissipation factors m, and r,, are the result of the combined ac-
Yo = Yo.ideat — ToT1, tion of the lateral friction and bottom friction. To examine the in-
Ty = o — 9y = T, idea ) (13)  teraction between the two friction types and their influence on v,
1+&0r0 we limit our discussion to the barotropic beta plane. Combining

The transport is similar to that of Wajsowicz (2002), but 7, and
m, represent different frictional constants.

the relationship between the roots and coefficients in the charac-
teristic equation, the combined dissipation factors m, and r,, have
the following forms:

3 Effects of bottom and lateral dissipation

In Eqgs (10) and (13), gym, and ¢yr, reflect the effect of friction my = £ 1 rf — ﬁ (e*’ZW _ e*’3W) + r% — ﬁ X
Ao Afun Lo [A] Ax An
on the volume transport. For gy = 1+ - — =, the relative As
Af1 Afy (€W —eW) + (r§ - —) (eW —e W) } (14)
size of the islands and the channel length affect the transport. An

The larger the western island, or the longer the channel between
the islands, the more severe the shear velocity of the fluid in the  and
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H

where L denotes the length of the first island to the west of the

L
landmass. Then, — is the ratio between the lengths of the chan-
0
nel and the island. From Eqs (14) and (15) we see that m, and r,
are both functions of Ay, Ag and W. The relationship is more

. . T L

complex from the analytic solution. For simplicity, we set I and
0

W as constants to derive the relationship among Ay, A, m, and

L
r,. Let L—:0.6, W=100 km, Ag=xx10-6 m?/s, A;=yx10* m?/s. For

0
certain values of A;; and Ag, Fig. 3 shows the corresponding com-
bined dissipation factors m; and r,.

10 oo o o o o o o o o
9 oo o o o o o ° o o
8 |
7 foo o o o o o o o o
o6t
=
3 b ° o o o o ° ° °
2 b
1+
oLii i i ;
0 0.5 1.0 1.5
Ag/10° m?s™!

Fig. 3. Combined dissipation factor about A, and Ay in the
channel between the islands. The circles denote the combined
dissipation factors and the size of the circles represent the mag-
nitude of the combined dissipation factors. The single channel is
shallow and narrow. The width of the channel is 100 km.

Figure 3 indicates that the combined dissipation factor is ap-
proximately a linear function of A when Ag is constant. Simil-
arly, the combined dissipation factor is approximately a linear
function of A, when Ay, is constant. Therefore, we can use linear
regression to model the relationship between the two coeffi-
cients. Applying a partial F-test, under a 0.05 confidence level, we

4000
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a ) + [(be™ — ae™" sin(bW) — be™" cos(bW)) €™ / (a*+17)] x

) sin(bW)} + [(ae™ cos(bW) — be®" sin(bW) — ae™")e®" /(a®+F)] x

(15)

have

z = —0.314 6+0.353 545+3.606 44, (16)
where z denotes the estimated value of the combined dissipation
factor m, or r,. Thus, Ag and Ay have a linear influence on the
combined dissipation factors m; and r,. A; has a greater impact
on my and r,,. The regression coefficient depends on the width of
the channel. To study the effect of the channel width on the com-
bined dissipation factor, we set A;;=10* m?/s and D=2x10-% m?/s.
When the depth changes, Ag changes and the expression
2 3
(_—6> — <£) also changes. For convenience of reference,
244 3An

we set H,=400 m and H,=1 000 m. When H;=400 m, then
Ag=5x10-6m?/s and the combined dissipation factor is m,. The
my values for different channel widths are shown in Fig. 4.

The coefficient m, decreases monotonically with increasing
channel width (Fig. 4). Initially, m, decreases rapidly, then the
rate slows with increasing width, and gradually m, approaches
zero. This indicates an increase in the volume transport as the
channel widens; initially the rate of increase is fast, then it slows,
and finally stabilizes at the ideal value. Thus, the lateral friction
and the bottom friction hinder the volume transport, having a re-
latively large effect at the beginning, which gradually weakens.

For Hy=1 000 m, Ag=2x10-® m?/s and the combined dissipa-
tion factor is r,. The r, values for different channel widths are
shown in Fig. 5.

The coefficient r,, (Fig. 5) is positive and decreases with in-
creasing width when the channel width is less than approxim-
ately 470 km. r decreases rapidly initially, then at a slower rate,
indicating that generally the friction hinders the volume trans-
port; the narrower the channel, the stronger the effect. For chan-
nel widths between 470 km and 1 000 km, r,, is negative, decreas-
ing at first, and then increasing. The negative value indicates that
the volume transport is larger than the ideal transport value and
has a maximum level. In this case r, increases the volume trans-
port, which is similar to the flow behavior when only lateral fric-
tion is considered. For channel widths over 1 000 km, although r,
is positive, it is very small and the volume transport tends toward

0.5
b
0.4
£ 03
g
2
g 02
0.1
0
300 400 500 600 700 800 900 1000

Width/km

Fig. 4. The dissipation factor m, with increasing channel width between the two islands. The water depth is 400 m in a flat-bottom

basin. Channel width is 0-300 km (a) and 300-1 000 km (b).
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Fig. 5. The dissipation factor r, with increasing channel width between the two islands. The water depth is 1 000 m in a flat-bottom
basin. Channel width is 0-140 km (a), 150-450 km (b) and 400-1 400 km (c).

the ideal value.

Comparing Figs 4 and 5, the effect of 7, on the volume trans-
port is more complicated than that of m,. When the channel is
narrow, m, is more effective in reducing the volume transport ra-
tio than r,. However, when the channel is wider, r, can increase
the flow. Comparing the derivation process, the only difference

D
lies in the depth. From Ag = ﬁf , Ag decreases when the depth

0
H, increases. This dampens the effect of the bottom friction, re-
ducing the volume transport ratio when Ay, and D; are constant.

4 Discussion on the dissipation factors

To further understand the role of the bottom and lateral fric-
tion dissipation in regulating the water flow, it is helpful to con-
sider two islands of the same size lying in an enclosed barotropic
ocean, as shown in Fig. 6. The width and length of the islands are
400 kmx1 000 km, respectively, and the channel is W km wide
and 600 km long. The depth of the ocean is constant at 400 m. We

A Af ov 7
then haveegy = 1+ &o _ Af; L 5 When the frictional dissip-
1

Afy
ation in the channel is neglected, T}4,, can be obtained by Egs (3)

and (4) if the wind is given. Let A;=10* m?/s, A;=5x10-% m?/s and

nxy)
ymax ’

where taux,=0.1 N/m? and p=1.03x103 kg/m3. Tll1en the Munk

p=2x10"11 m-1.s-1. The wind is taux = taux, X cos

frictional boundary layer thickness is dy = (Ag/()3 ~ 80 km.
Wajsowicz (1993) derived the streamfunctions considering

either the bottom friction or the lateral. Here, we take both the
bottom and lateral friction into account and calculate m, and the
transport through the channel. To investigate the difference
between the various transport formulas, the transport through
the channel was calculated for various widths W using the differ-
ent rules and models. The transport T is shown in Table 1 where
Ti4ea denotes the transport through the channel based on God-
frey’s Island Rule (Eq. (12) in Godfrey (1989)). Tg;omme denotes
the transport through the channel based on Wajsowicz’s Island
Rule (Eq. (4.3) in Wajsowicz (1993)) which considers only the
bottom friction. Ty, denotes the transport through the channel
by Wajsowicz’s Island Rule (Eq. (4.5) in Wajsowicz (1993)) which
considers only the lateral friction. T, denotes the transport

together
5000
4000
g £ ¢
Z 3000 {7 o) _
= i /
2 2000 (¥ "W H,=400 m
1000
N
S & & & & & & & &
S T T TSN
RPN A AP ORI
Length/km

Fig. 6. The model basin and islands. For simplicity, the basin
and the islands are rectangular. The islands are of the same size.

Table 1. The transport T through the channel for various channel widths using different transport models

w

30 km 50 km 80 km 120 km 200 km 260 km 320 km 400 km

Tigeqt/10° M3-51 0.9780 1.0380 11280 1.2490 1.489 0 1.670 0 1.850 0 2.0910
Ttommel/ 105 m3-5°1 0.1223 0.2 03112 0.4542 0.726 3 0.9238 1.117 1.3711
Tyuni/ 105 m3-571 0.007 3 0.035 0.1405 0.405 1 1.0269 1.386 1 1.666 8 1.979 6
Tyogether/ 108 M3-5°1 0.005 0 0.023 0.083 2 0.2236 0.604 0 0.906 7 1.2005 1.5729

together
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through the channel by considering both the lateral and bottom
friction (Eq. (10) or Eq. (13)).

Figure 7a shows the transport through the channel for vari-
ous channel widths calculated by three different methods: Tjy,,
Tytunk and T e, In all three cases, the transport increases with
the increasing widths. Compared with T,g. 0 Typunic 1acks the
bottom friction, and the rate of increase is different with increas-
ing width. In general, T, her<Thuni @8 Wajsowicz (1993) noted,
the bottom friction reduces the volume transport but cannot re-
verse the flow direction between the two islands. As W<dy;, Tiogeer
<<Tigeqn AN Ty <<Tigeqr indicating that the lateral friction and
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Fig. 7. Transport values through the channel for various channel widths calculated by four methods. The blue line denotes T;

the blackline Ty, the red line Ty, . ., and the pink line T}y,

unk’

Similarly, Fig. 7b shows the transport through the channel for
various channel widths calculated by T}y, Tsiommer and T,
Ttogether tommel
and T\gge e, increase with increasing channel width, the slopes of
the curves are different. As in the case of Ty;,1, Tsiommer 1S much
larger than Tyyg.,, Within the Munk layer because of the role of
the lateral friction. Beyond the Munk layer, the difference
between T, e and Tiype e, becomes smaller as the channel
widens. This shows that the combined effect of the lateral fric-
tion and bottom friction is to reduce the transport, the bottom
friction being the dominant force. When W=270 km, we have
Tstommel=Ttogether thus, the lateral friction has little effect on the
volume transport through the channel. At a certain range,
however, when W>270 km, T oo iher> Tsiommer indicating that the
lateral friction is enhancing the flow, as Pratt and Pedlosky (1998)
verified after examining the velocity structure of the lateral
boundary layer solution. When the island is placed to prevent the
reverse flow but not the direct flow, the transport through the
channel is larger than what is transported by the lateral bound-
ary layer as a whole. This suggests that the lateral friction affects
the transport.

ogether*
has more lateral friction than Ty, .. Although T

5 Application to the Indonesian throughflow

In our study, the volume transport through the channel
between the islands is obtained by considering the Munk-Stom-
mel model. The results are similar to those of Wajsowicz (1993,
2002), but the frictional constants are different. Equations (14)
and (15) indicate that the frictional constants m, and r, depend
on the width W, the horizontal eddy viscosity Ay and the bottom
drag coefficient D;. In the case of real ocean islands, only broad
estimates of these values are known. Here, as a case study we cal-
culate the Indonesian throughflow transport (ITFT). Using the
frictionless Island Rule (Godfrey, 1989) the ITF yielded a mean
annual ITFT estimate of approximately 13.865 0x106 m3/s by in-
tegrating wind-stress data from 1958 to 2001 (Liu et al., 2007).
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bottom friction greatly reduce the transport. The role of the later-
al friction is greater than that of the bottom friction in the Munk
boundary layer thickness; therefore Tiogether = Tmunk- Beyond the
Munk boundary layer thickness, Ty, increases rapidly, then
more slowly but almost always at a higher rate than T, ,, be-
cause the role of the lateral friction weakens. When W>250 km,
we have Ttogether< TMunk and Tideal_TMunk<<Tideal_ Ttogether because
the role of the bottom friction is greater than that of the lateral
friction. At this point, if only the lateral friction is considered to
estimate the volume transport through the channel, the results
would be unreasonable.
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The bulk of the ITF is thought to cross the Makassar Strait, with
smaller volumes transported through the other straits
(Masumoto and Yamagata, 1996; Metzger and Hurlburt, 1996).
Although the ITF is not barotropic, the bulk of the volume trans-
port is considered to be confined to the upper 200-300 m. A baro-
tropic model where all the bottom topography is assumed con-
stant may serve as an approximation to the throughflow. The fric-
tional channel runs from the equator to 12°S. Hence, assuming

L
Australia-PNG extends 45°S. Thus, the upper limit ratio on I is

0.3 (Pratt and Pedlosky, 1998). Let H,=300 m, using the pr-
lished coefficient estimates A;=10* m?/s, D=2x10-3 m?/s, we ob-
tain Ag=2/3x10-% m?/s. Taking the width W=300 km (Wajsowicz,
1993; Lian et al., 2017), we can derive the frictional constant
my=-0.312 8 and an annual mean ITFT estimate of approxim-
ately 10.561 4x10° m3/s using Eqs (13) and (14). Thus, the trans-
port decreases by 3.303 6x106 m3/s, accounting for 23.8% of the
annual mean ITFT of 13.865 0x10% m3/s. If A;;=5x10% m?/s,
D=5x10-* m?/s and H,=200 m, as estimated based on Wajsowicz
(1993) and Pratt and Pedlosky (1998), we can derive the frictional
constant m;=-0.199 1 and an estimated annual mean ITFT of ap-
proximately 11.562 8x10® m3/s, accounting for 16.6% of the annu-
al mean ITFT. The Island Rule is generally found to overestimate
the volume transport by 0%-25%, primarily because it neglects
the friction (Pedlosky, 1996). The result is consistent with Ped-
losky’s findings.

6 Summary

In this paper an explicit Island Rule which considers both lat-
eral and bottom friction is presented. It is valid when the width of
the channel is much smaller than its length in a flat-bottom
ocean. The estimate of the flow reduction applies when the is-
land is located within the western boundary layer, where the fric-
tion is significant along the coast of the island. For the dissipa-
tion factor that combines the lateral and bottom friction, an ap-
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proximately linear relationship was found between the lateral
and bottom friction for a constant width by using randomly
chosen values. In discussing the influence of the channel width
on the combined dissipation factor when the lateral coefficient

—8\? As \?
(a1,) - (at)
=0 is the demarcation point; hence, the depth is a dominant
factor. The combined dissipation factor reduces the flow in shal-
low water but can enhance the flow for some widths in deep wa-
ter. We compared our model of two islands with the model of
Wajsowicz with different channel widths. The results showed that
the lateral coefficient is important when the channel narrow, and
the bottom coefficient is important when the width is wide.

The validity of these conclusions is limited by the conditions
that the width of the channel is much smaller than its length in a
flat-bottom ocean. In the real ocean, some channels do not meet
these conditions. Wajsowicz (1993), Lian et al. (2017) and Yang et
al. (2013) investigated the bottom pressure torque or topograph-
ic effect on the Island Rule. When the width of the channel is not
much smaller than the length, Eq. (5) does not apply and the
wind in the channel causes a Sverdrup flow which cannot be ig-
nored. Future work should examine methods to derive the com-
bined dissipation factor from Eq. (6).

and the bottom drag coefficient are constant,
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