On bottom friction in an equatorial
shallow basin

Roger L. Hucnes (1)

ABSTRACT

Observations of the flow on the Sunda Shelf near Singapore do not agree with the flow modelled using a depih
integrated numerical model. The discrepancy, which takes place in a western boundary current, is consislent with an
equalorial irregularity in the boltom siress. This irregularily may be explained in terms cf lhe influence of equalorial
upwelling within the boltom boundary layer disiorling the structure of thal layer. This slruclural variation is such as
fo introduce a mean westward botlom siress correction on waler crossing the equalor irrespeclive of the manner in
which the equator is crossed.

KEeY worps : Equatorial — Shallow water — Bottom stress — Sunda shelf.

Resume
ROLE DU FROTTEMENT SUR LE FOND DANS UN BASSIN EQUATORIAL PEU PROFOND

Les observations du courant sur le plaleau continental de la Sonde, & prozimilé de Singapour, ne concordent
pas avec les résullals d’'un modéle numérique de circulation intégrée sur loule I'épaisseur. La discordance que I'on
note sur le hord ouest du courant peut éire mise en relation avec I'anomalie équaloriale de la lension de frollement
sur le fond. On peul expliquer celte anomalie en prenant en considération la déformalion de la struclure de la
couche de fond par U'upwelling équalorial. Cetle déformaticn induil une correclion qui lend a renforcer la partie
ouest du courani franchissant I’ Equateur, quel que soil le sens de ce franchissement.

Mors-cLEs : Equatorial — Bassin peu profond — Frottement sur le fond — Plateau de la Sonde.

1. INTRODUCTION south. From June to August the southeasterly
monsoon blows the water to the north. The observa-

The Sunda Shelf is extremely important to both tional background associated wilh fig. 1 is small.

the fishing industry of Indonesia and the shipping
industry associated with the busy port of Singapore.
It contains the only major shallow cross-equatorial
channel flow. The mean depth of the shelf is of the
order of 70 m. Fig. 1 shows the observed cross-
equatorial surface flow as indicated by WyrTki
(1961). It can be seen that the flow reverses with
the monsoonal season. From December to April,
the northwesterly monsoon blows the water to the

However, there appears to be an unmistakable
concentration of the flow on the western boundary
irrespective of the direction of the flow. This current
lies very close to Singapore and its proper identifi-
cation may have significant economic benefits.
Groves and NIEMEYER (1975) have numerically
modelled the flow in the entire Sunda Shelf. The
model they used contained a staggered grid finite
difference representation of the time dependent

(1} Ausiralian Numerical Meleorology Research Cenlre, Melbourne, Vic. 3001, Ausiralia.
(Present address: Deparimeni of Geology and Geophysics, Yale University, P.O. Box 6666, New Haven, CT 06511, USA).
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Fi1e. 1. — Observed surface circulation on the equatorial Sunda Shelf between Borneo and Sumatra for February, April, June,
August, October and December as given by Wyrrxkr (1961). Notice the slight tendency for the current to be concentrated on the
western boundary when crossing the equator.

Circulalion de surface observée dans la partie équatoriale du platedu de ld Sonde, enire Bornéo et Sumaira, en février, avril, juin, aoiit,
octobre et décembre, selon WYRTK1 (1961). Noter la légére tendance du courant & s’intensifier & I'Ouest, lors du passage de I’ Equateur.

shallow water equations. Linearity was assumed
throughout except in the representation of bottom
friction which was of standard quadratic form. Full
allowance was made for the variable bottom topo-
graphy of the Sunda Shelf. At coastlines the normal
velocity was set to zero (no restriction on the
tangential velocity was required because of the
lack of a horizontal diffusion in the model). At the
open boundaries, which were located just off the
shelf, the surface elevation was fixed. The model

Océanogr. trop. 19 (1}: 57-65 (1984).

was forced by the wind stress alone. The numerical
procedure was based on the HanseN (1962) method,
(see Groves and NiEMEYER for details). The grid
resolution was of the order of 50 km and was
stepped with a time increment of approximately
7 minutes for 25 days of real time. Results from
their depth averaged model for the two monsoonal
seasons are shown in fig. 2. It can be seen that
while the general character of the flow is the same
as the surface flow as given by Wyrtk1 (1961),
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Fig. 2. — Flow determined numerically by Groves and NIEMeYER (1975) using the usual formulation of bottom stress. Case A is for

the Northwest Monsoon. Case B is for the Southeast Monsoon. No tendency for currents to concentrate near the western boundary
while crossing the equator is observed

Courani résultant du modéle numérique ulilisanl la formulation classique des lensions de fond, selon GrovEs el NIEMEYER (1974).
A en période de mousson de Nord-Ouest; B: en période de mousson de Sud-Est. Aucune lendance du courant ¢ s'intensifier a I'Ouest
lors du passage de I Equateur

there is no suggestion of a western boundary current
near the equator. Three possible reasons for this
discrepancy are :

1—WvyrTkr's data were too sparse to justify the
conclusion drawn above. This seems unlikely especial-
ly given the accuracy with which WyrTki (1961) has
shown for some of the other seas of the area where
further observations seem to be supporting theories
based upon his observations,

2—There is a substantial difference between the
surface flow and the depth averaged flow. If this
“were correct, it would imply a reverse flow at depth
at some locations in the western part of the equato-
rial Sunda Shelf. Such a reversal is possible if the
flow is driven by a strong pressure gradient as well
as the monsoonal wind. Fowever, this explanation
seems extremely unlikely as such a reversal would
almost certainly have been mentioned in the litera-
ture, which to the author’s knowledge it has not.

3—Some effect not allowed for in the model of
Groves and Nigmever (1975) is significant. There
is a commonly neglected effect which becomes
important at low latitudes. This is the secondary
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circulation, in particular how it effects the bottom
stress. The effect is investigated here.

We define the secondary circulation to be the
frictionally induced f{ransverse circulation across
the channel (that is in the plane orthogonal to the
depth integrated flow). Hsves and O’Brien (1971)
give a good account of a secondary circulation
induced by bottom friction. In that case the circula-
tion is driven by a mismatch in geostrophic balance
in the frictionally controlled lower boundary layer.
In equatorial latitudes where the Coriolis parameter
is small, the secondary circulation induced by that
mechanism is apparently small and dominated by
the mechanism given here.

Fig. 3 gives a diagrammatic representation of a
possible secondary circulation. In the interior of the
basin’s bottom boundary layer Ekman pumping
{applicable at middle and high latitudes) or 3-diver-
gence (applicable at low latitudes) causes a vertical
velocity. A return flow occurs through the interior,
the side boundary layer and bottom boundary
layer in turn as found by Hsuem and O’Briex
{1971). As will be seen later the vertical velocity
induced by B-divergence is of the order of Us where U
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Fra. 3. — Idealized cross-section through a basin showing the

likely form of secondary circulation in response to Ekman

pumping at the lower boundary. Whether there is upwelling

or downwelling associaied with the Ekman pumping depends

on the case being studied. It is unclear whether one of the

boundaries dominates the other in returning the flow. See
Hsuen and O’Brien {1971) for an example.

RTINS 7R /7

Coupe schématique d’un bassin monirani la structure de la cir-

culation secondaire engendrée par le pompage d'Ekman au

niveau de la couche profonde. Un upweliing ou un downwelling

esl, selon le cas, associé avec le pompage d’Ekman. Le réle

prépondérant de 'une ou de U'autre des limiles du bassin, lorsque

le sens du flux s'inverse, n’est pas évident. Voir un exemple
dans HsUuEH el O’'BRIEN (1971).

and s are respectively the characteristic horizontal
velocity and a flow independant non-dimensional
parameter which obtains a maximum value near the
equator of about 10-5. The associated horizontal
velocity in the flow interior and bottom boundary

x

layer are of the order of Us

and Us Ef respectively
z LB

where Lx, Lz and Lz are characteristic of the hori-
zontal, vertical and boundary layer distance scales.
If Ls, L:cv 356 m and Lxcw5x10° m as is appro-
priate here, it follows that for the equatorial region
of the Sunda Shelf, the magnitude of the horizontal
velocity associated with the secondary circulation is
probably near to being an order of magnitude less
than that of the basic flow. Hence the horizontal
velocity associated with the secondary circulation
can be neglected. However, the effect of the vertical
velocity on the bottom boundary layer and hence
the bottom shear stress controlling the depth inte-
grated flow cannot necessarily be ignored.

Although not the centre of interest to this study,
it is interesting to note that unusual bottom stresses
have been observed by Scorr and Csanapy (1976),
ForristaLL ef al. (1977) and SmitH (1978). Various
ideas have been put forward to explain these obser-
vations. However, to the author’s knowledge, no
uniformly satisfactory theory has been given. No
theory based on the influence of the secondary
circulation induced by mnearby storms has been
considered.

Océanogr. trop. 19 (1): 57-65 (1984).

2. THE IMPORTANCE OF MID-LATITUDE
FRICTIONALLY INDUCED UPWELLING

Before considering equatorial latitudes, it is useful
to consider a simple model of the boundary layer
applicable to non-equatorial latitudes. Although the
predicted flow may be unstable to rolls, the classical
Ekman layer model is of such simplicity that it is
used here (GREENSPAN, 1969; Barcirow, 1965). The
case considered here is of an Ekman layer in a flow
with (horizontally) locally uniform vertical vorticity.

.. 9 9\ /ev ou
This is to say (&, Eﬁ\, ox %;/) =o0, (2.1)
locally where (u, v, w) represents the velocity field.
The classical Ekman layer as commonly presented
is imbedded in a flow of zero vertical vorticity.

The equations governings the steady motion in
the Ekman layer are

;

9 Y 9?
2 owv==-2, 2" 2.2)
9z ox Qz?
v 9 92

W fu = — R TV (2.3)
9z ay oz

9u  av  ow

— —_— + — =0, (24)

9X 9y Z

where p, £ and x are respectively the kinematic
pressure, constant Coriolis parameter and constant
vertical eddy viscocity. Distances measured upwards
from the bottom boundary are denoted by positive z.
At large distances from the boundary layer (2.2)
and (2.3) reduce to the usual geostrophic relations

op

iV = — — : 2.5
© ox {2.5)

op
fu = — 2.6
0 ay 3 ( )

where (Uog, Voo, Wep) denotes the far field velocity
of which ouly the first two components are specified.

As is usual in boundary layer theory Z;IZ— and Z—fr are
assumed to be counstant throughout the boundary
layer depth. The third component of the far field
veloctity, woy, is given by the Ekman pumping
requirement which is a consistency requirement on
(.2) to (2.4). If (2.2) and (2.3) are linearised this
requirement is

p [ &) <9v 9u>:|
vo==|—{(— — —

f oz \ax Ay
Thus the boundary conditions on (2.2) and (2.4) are

atz = 0 {2.8)
U, V= Ugg, Vg 88 Z — 0. (2.9)

@.7)

z=0

v, w=20

Eq. (2.2) - (2.4) form a non-linear set of equations
which in the present study is best solved by a pertur-
bation expansion. As suggested by (2.7), we write
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u=1u+cecu 4 e*u ----
V=vytev,tetvy ~--- (2.10}
W= ewy +etw, ---~,

where ¢ is the expansion parameter (representing the
non-dimensional vorticity) given by

2] o]
e =1 <L‘2 _ ‘L'O_\) 2.11)

which is characteristically much less than unity in
magnitude for most non-equatorial oceanographic
situations.

Zeroth order terms
To order €2, (2.2) and (2.3} can be written as

9% (11y — u
—f(va~voo)=>¢——i—°—- oo!
9z

{212}

92
f{up — Ugg) =% ————- (213}

for which the solution satisfying (2.8) and (2.9) is
the classical Ekman spiral,

Up = Ugy — exp (— Z) (Ugp c0s (Z} + Vg sin (Z} ) (2.14]

Vo= Voo — 6Xp (— Z) (Vg €08 {Z} — U g sin (Z0 ), (2.15}
T :

where Z =4 /— 2z for the northern hemisphere.

o
This solulion constituting the classical Ekman
spiral, is illustrated and compared with observations
by Porrarp {1977).

First order terms

After a little manipulation (2.2){2.4) can be
combined to give an equation for w; this being

9 3w P w ow 2 [ 8w
v — A’ —_— W —_ 2 = 3 —— H —— — W
9z 9z’ qz?

9t w
. (2.16)
9z?

From this equation it can be shown that to order
el, w is given by

i av 3 i

ew, = - <——9Q R L
{ 9% ay / 2

+ sin(Z}) ). @17

It follows from (2.2) and (2.3) that the corrections
to u and v at order ¢ are

1/
e, _—.—kb— — 9102\} (— Z exp (— Z) (ugo cos (Z} +
f s Iy
)

1
—gexp(—‘ZZ‘,(uoo cos (22} + vop sin (2 Z1) + -
: 5

(Voo — 2 ) exp (— 2 Z)
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— exp (— Z) ((_ 9‘;30 + _‘/_09.____%11_99_> cos (Z) +

2
_ Yo Moot V_OO\)sm (Zi 1) {2.18)
3 b /
1 /9ve 9Qugy
eV, = — 1 =% _ — Z exp {— Zy{v cos (Z) —
P 9y>( P{—Ziveo (Z)
U sin (Zj )}
1
e exp (— 2Zj (vgg cos (RZY — U sin (232} ) —

= {ugy + 2vept exp (— 2Zj

9

: )
— exp (= Z <<— ,"g_o, _ Moo el o0 7y —

<~ Neo + Voo — 2o sin (z) ) ) {2.19)
3 5 )
A complicated decaying spiral is the predicted form
of the correction induced by upwelling. The overall
distance scale of this correction is of the same order
as that of the Ekman spiral itself.

The correction to the bottom stress (tx, Tv), 1s
given by

. iasuli 1 9vey SUOOB/ Uoo
Txy = — ¥ ——— 2t — e — 2 —
' 7 lz=o0 P ax ay J \7 15
° ;
1’_°0> f (2.20}
15 /N 2
. . %e Vv, . I /v AU o Voo
” Iz 7z =0 f 9x oy 15
2 oo | T
4 oo fx (2.21)

There is substantial veering in the correction, just
as there is for the conventional Ekman spiral
(although the direction is opposite). Of more impor-
tance, the correction to the shear stress is of order
/10 times the shear stress without the upwelling
allowance. This corrrection is generally negligible in
non-equatorial latitudes for which the model is
applicable. If the model were valid in the neigh-
bourhood of the equator the correction would
dominate the solution. However, it is not valid there,
and it is only suggestive of the importance of the
mechanism to this region.

3. THE IMPORTANCE OF LOW-LATITUDE
FRICTIONALLY INDUCED UPWELLING

Having established that the change in bottom
stress caused by upwelling within the bottom
boundary layer is only likely to be commonly
significant at low latitudes, it is constructive to
model this region. Because low latitude upwelling
is dominated by @-induced divergence rather than
vorticity induced Ekman pumping, it is convenient
to eonsider a vorticity free far field flow. Thus
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X o (3.1

locally. The basic dynamical equations of the previous
section (2.2)-(2.4), and the geostrophic relations,
(2.5) and (2.6), remain valid at low latitudes although
f is no longer constant but is given by By in accor-
dance with the equatorial f-plane used here. (The
equator is excluded from consideration to avoid a
singularity located there. Later a Rayleigh friction
is introduced to eliminate this difficulty but its
inclusion at this stage is cumbersome). An expansion
of the form (2.10) is applicable where ¢ is now given by

g = (——“-u o* + voo2) % (3.2)
By*

rather than (2.11). The boundary conditions {2.8)
and (2.9) remain valid.

Zeroth order ferms

To order ° the solution is a classical Ekman spiral

Up == U gy — eXp (~ Z) (U g Cos (Z) + Vo sin {Z})) (3.3)
Vo = Vgp — eXp (— Z} (v 008 (Z) — U oy sin (Z) ) (3.4)

where Z = gzz for the northern hemisphere.
24

Notice that the vertical distance scale of the spiral
becomes unbounded as the equator is approached.

First order terms

As the model is locally x-independent the continui-
ty equation {2.4), reduces to

IwW v

3.5
" oy (3.5)

Thus to order &!, w is given by

ewW, = \/2;},3 (% (0o — Vool +exp (— Z) (veg Z cos
(Z) — u o Z sin {Z)

~ %{Uoo — Veo) C0S(Z} — % (W o + Vo) sin(Z))) (3.6)
and hence from (2.2.) and (2.3) the corrections to u
and v at order ¢! are

au—l(ex(Z) 41uﬂ—i—391v2-}-
' gye P (900 o 900 ®

8
—_ Z
T U oo Voo) cos {Z)

7 47 .
+ (1—% {u g+ veo?) + Tog L0 Voo> sin {Z)

— Ya {up® — Ugp Voo) Z cos (Z) + Y, {Vg® — Ugp

Vool Z sin (Z))
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1 yavi . 47
eV, = B—y— {exp (— Z) ( ﬁ(uoog-i-voog)—l- Too 2 © Voo)

cos (Z)

41 391 8
— = ug? — Vit —u v sin (Z
(900 0" T gog Vo' g e °°> )

+ He{Veo® — ug Vo) Z cos (Z) + Yi{ugg? — U

Vo) Zsin {Z))

7 1
eXp({— 22} —— U+ Vel —(Uep? 4+ Vel Z
=+ exp{ )( 100(oo+ 0%} 20(oo+ 0"}
1
+E(\fooﬂ—zuoovoo—-uooz)Zcos(2Z)

1 2
—E(Vooz_l_guoo Voo — Ugp?) Z sin (2Z)

47 7 7 17
— —u Voo €0s {2Z — U pp? — — Vol —_
T50 0 Voo ¢0s (22} + (36 0"~ g5 Yo' T 175

Ugo Voo) sin {2z) ) (3.8)

As in the previous section the correction to u and v
is a spiral having the same distance scale as the
basic Ekman spiral.

The correction to the bottom stress (vx, ty), is
calculated as in the previous section. It is now given

by

1 /31 17 1 - Jpyx
= — — [ ——u g — vt —U gy V 2S7%(3.9
€Ty By? <100 00® — =5 Voo +28 00 oo)\/ 2 (3.9)
1 /19 37 19
ETyy=— — | —Up* — —Vel + —UgV Byx(3.10
Vi Bye (50 0"~ 155V’ T et oo) 2 {3.10

From these expressions for the correction to the
bottom stress, it can be seen that there is again a
substantial veering in the correction. The correc-
tions are of the order of %/, times the shear stress
in the absence of upwelling. The importance of
the correction decays quickly with distance from
the equator. If applied at the equator (3.9) and
{3.10) exhibit a singularity. For the derivation of
(3.9) and (3.10) to be valid, |e| must be less than
unity. Thus the model is only valid for

u 2+V 2 1/4
ly] > > (%%i {3.11)



FRICTION IN AN EQUATORIAL BASIN 63

As suggested by the work of McKEE (see GiLL,
1975), on wind forced equatorial flows, (3.9} and
{3.10) may be extended into the region spanning the
equator by writing them in modified form as

fe_ [
r2+62y2(uw + Vw

Be ] (3.\’___)
y: (Vm Flo e vn

€ Tx, = Max <o

By ) -
{r* 4 B2 y3) %2, / (3.12)

| TxofTyo | ) Tyo {3.13)

)

where ¢ is a constant of approximate value 1/, and
r is characteristic of a Rayleigh friction factor.
The Rayleigh friction has not been introduced
until now because earlier inclusion would have made
the problem unmanageable. Furthermore, as a
Rayleigh friction is of little physical basis, its mode
of inclusion is slightly arbitrary. In these expressions
the value of ¢ has been obtained as an approximation
Lo 3106, /501 /50 and 3714 in (3.9) and (3.10).
Interactions between u oo and vog have been ignored
as suggested by their small coefficients in (3.9) and
(3.10). 7xo has been determined from (3.3). The
corrections have been restricted in magnitude so
that they cannot reverse the shear stress direction.
Using this parameterisation we are now in a position
to study the effect of this frictionally induced up-
welling on the across-equatorial flow. Notice that
although the correction to the bottom stress is of
higher order in velocity magnitude than is usually
retained in basin studies such as those of GRoves and
NiemeYER (1975) for low latitudes and FANDRY {1981)
for middle latitudes, it should not be neglected in
equatorial situations because its coefficient has a
“near” singularity at the equator.

4. MODEL OF CROSS-EQUATORIAL FLOW

Having developed albeit a simple model, to obtain
a parameterisation of the correction to the bottom
stress from the secondary circulation, it is useful to
look at what effects it may have on cross-equatorial
flow. In this section cross-equatorial flow is considered
in a “near unbounded” basin of uniform depth H.
The words “near unbounded” are used because
although the boundaries of the basin are neglected
here, they are essential for achieving the return
flow required by the secondary circulation. The
vertically averaged steady state equations of motion
are

ap Tx
—ByV = — — —rU 4 = - 4.1}
By o gt {

feod I
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p Ty Y
U = — -= — 1V — — 4.2
By p + 1t (4.2)
U v
AP A (4.3)
X Ay

where (X, Y) and (U, V) are respectively the constant
kinematic wind stress and the vertically averaged
velocity field. The small Rayleigh friction factor ris
chosen to be the same as that used in (3.12) and
{3.13). As <« and 7y can be zero according to the
formulation contained in (3.12) and (3.13), the small
Rayleigh friction factor times H serves as a heuristi-
cally chosen minimum bottom drag. The present
study does not press the formulation to this limit
and so the Rayleigh friction can be neglected in (4.1)

1 { ou 1 v
and (4.2). The berms — \ W —2 dz and — g w - dz

H} oz H . oz
can be neglected. This can be seen by integrating the
terms by parts. Then using the continuity equation to
identify the terms as being of the order of the
small horizontal advective acceleration terms which
are also commonly neglected. The velocity field
(U, V) is approximately equal to the far field velocity
field (u oo, Vo) used earlier. This assumption is used
throughout the remainder of this study.

An examination of the results of Groves and
NiEMEYER (1975) shows that in the region of interest
here (49 N to 4°S on the Sunda Shelf) the dominant
terms in (4.1) and (4.2) are the pressure gradient
and bottom and wind stresses. Thus we assume for
this study that

0=~ — 4 = 4 = 4.4
GXTH+I{ (44)
ap Ty Y

0= ~— — 4 -- — 4.5
ayi_H'i—H (4.5)

Of course this ignores the turning effect of the
Coriolis force at larger latitudes but it is a useful
approximation to make.

We consider the particular case in which the velo-
city field is independent of x. Thus from the conti-
nuity equation (4.3), V is uniform. Differentiating
{4.5) with respect to x and using {4.4), it follows

that z—i is a constant which we define to be A. Thus
for a given A and V, (4.4) alone can be used to
determine U as a function of y. It follows that U
is such that =« (= HA-—X) is a constant everywhere.
For consistency with Groves and NIEMEYER (1975),
rather than arbitrarily define a value of x, the
present study will use the familiar drag relation

o= — DUV Ve (4.6)
Ty =—DV v/ ULt V2 (4.7)

where D = .004 as used by Groves and NIEMEYER.
As veering at the order £0 level is produced by the



64 R. L.

local Goriolis parameter, there is no need to allow
for any veering in this equatorial case. This formu-
lation is generally considered to be satisfactory even
when there is bottom topography and there is little
reason to dispute its applicability here. Several
duthors, for example Fanpry (1983), have related D
to . Using (3.12) and (4.6) it follows that

U = sgn (X — HA — Cor) ((()—(—:i;‘—‘—gf)z +1,Vy %
— BV {4.8)

where Gy, = o for the order £° solution. This gives
a constant value for U which we write as U,. The
p(U2 4 V)

order !
1‘2

) solution is also given by
{4.8) but with

fe By
Cor = ~ Ty (Uo +V
Veering is possible at the order ¢! level because at
this level the gradient of the Coriolis parameter is
important.

If U and V are of the same sign, the westward
correction to U is the greatest for y > o that is
north of the equator. If U and V are of opposite
sign the westward correction to U is greatest south
of the equator. This latter case is that applicable
to the Sunda Shelf. For this case the western
boundary current is most strongly fed in the
Southern Hemisphere although some feeding may
occur in the Northern Hemisphere. Thus during
the South-East Monsoon, June-August, when the
flow is to the North-East, the contrast between
the across equatorial boundary current and the
general flow might be expected to be at its most
prominence. This idea is (albeit weakly) supported
by fig. 1.

A particle of water follows a path given by

—————————(rg Ry 1/2) (X — HA) (4.9)

=_U (4.10)
dy \%

Fig. 4 shows the path of particles in the case of
r=10"% 51, B =2x101 m? st (X-HA)D =
— 035 m? s2 and V =05 ms? obtained by a
Runge-Kutta procedure. The deviation from the

U
line x =y —\70 is that caused by the correction to

the bottom stress. This deviation is to the west as
expected.

For simplicity the above model has neglected
bottom topography. Bottom topography cannot be
neglected in any detailed simulation. However,
Groves and NIEMEYER retained it in their model and
found it could not produce the observed boundary
current. Thus, it would seem justifiable to neglect
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Fig. 4. — Typical predicted particle path for across-equatorial
flow in a shallow wind driven sea as calculated using (4.10).
Dashed line indicates the path when the correction is ignored.
Notice the tendency for the flow to deviate to the west in the
general vieinity of the equator.
Trajectoire d’une particule franchissani I'Egqualeur, dans une
mer peu profonde enirainée par le vent, calculée d’aprés la
relation (4-10). La ligne tirelée indique la irajectoire en
I’absence de correction. Noter la lendance du courant g dévier
vers I'Ouest au voisinage de I’ Equateur.

the topography in the present search for a mechanism
that can produce the observed irregularity in the
flow.

From this simple model it may be expected that
in a basin there would be a strong flow on western
boundaries such as appears to be observed near
Singapore. The proposed mechanism for this flow is
quite different to that usually given for the much
larger mid-latitude western boundary currents such
as the Kurishio and Gulf Stream.

CONCLUSIONS

A simple theory has been proposed to explain
the existence of the western boundary current near
Singapore. It is well known that the absence of a
strong geostrophic balance in equatorial regions
enables large vertical velocities. Furthermore B-effects
encourage such motion (Girr, 1975). Thus if the
bottom stress is eastward, the upward motion
within the bottom boundary layer which it induces,
thickens the boundary layer. The results is a decrea-
sed bottom stress. Similarly, if the bottom stress is
westward the downward motion induced within the
boundary layer increases the bottom stress. The
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result is a westward correction to the bottom stress
forcing water to the west and creating an equatorial
western boundary current. In a depth integrated
model, the vertical advection of momentum associa-
ted with the boundary layer is of the order of the
often neglected horizontal advective accelerations.
However, the correction to the bottom stress by the
above mechanism is only limited by the choice of
Rayleigh friction used to overcome the usual equa-
torial singularity. This small Rayleigh friction
corresponds to a heuristic lower limit on the bottom
drag which the flow can experience.

The model used here is based on extremely

elementary boundary layer physics. Thus it should
be seen as little more than an expression of these
physical ideas in a slightly more rigorous manner.
Nevertheless the effect appears to be real and
provides yet another example of the unusual pheno-
mena which can occur in tropical oceans.
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