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A linear three-dimensional model of the wind-driven ocean circulation is treated
by boundary-layer methods. The interior flow, below the Ekman layer, differs
from the classical gyres of Munk (1950). There is a north-eastwards transport of
fluid from the western boundary current of the southern gyre across the latitude
of zero wind stress curl into the northern gyre. A return flow in the Ekman layer
preserves continuity.

1. Introduction

The standard method for determining the ocean currents produced by a given
distribution of wind stress involves integrating all variables over a predetermined
depth of the ocean and thenceforth working with volume transports in place of
velocity components. This technique overcomes the difficulties inherent in
dealing with a three-dimensional problem and with variable density. However,
no insight is given into the actual variations with depth of the velocity and den-
sity fields, and the difficulties surrounding the choice of the level of no motion
have been discussed by Stommel (1958, chapter 3). The results obtained by this
method consist of discrete gyres, whereas from examination of charts of mean
ocean currents it is seen that the circulation is essentially three-dimensional
with fluid flowing from one gyre to another, returning at some other depth.
This return flow is usually assumed to be part of the thermohaline circulation,

Stommel (1957) suggested that the circulation in a three-dimensional model
has the same gyre structure as the vertically integrated transport model. In this
paper, by considering a very simplified three-dimensional model, it is shown that
the process of vertically integrating masks certain interesting features of the
ocean circulation. In particular, we show that fluid can be transported between
gyres and a return flow take place within the framework of a homogeneous ocean.
Thus, in addition to the thermohaline circulation, a second mechanism exists
for dealing with different velocity fields at different depths.

2. Formulation

The model under consideration is a rectangular homogeneous ocean of uniform
depth D on a g-plane, with the Cartesian co-ordinate system shown in figure 1
that has z increasing eastwards, y northwards and z vertically upwards. The
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corresponding velocity components are u = (u, v, w) and the vertical component
of the Coriolis parameter f = f,+ Sy is the familiar form used in the g-plane
approximation. If P is the reduced pressure, v, and v, are respectively the hori-
zontal and vertical coefficients of eddy viscosity, the momentum equation for
steady flow is 22u
u.Vu+fkxu=—-VP+4y,V? UV ogs (1)

North

Ficure 1. Notation.

where k = (0,0, 1) and V2 = 82/022+ 0%/0y®. The assumption that v} is constant
is reasonable except near the bottom, but we shall see that the Ekman layer at
the bottom is unimportant anyway. Equation (1) includes the fact that the domi-
nant Coriolis accelerations are produced by the vertical component of the Earth’s
angular velocity.

The system may be made non-dimensional by introducing the following new
variables

(x,y) = L(x',y"), z=e¢elz', (u,v)=U,v"), w=eUw, P=Uf)LP,

where L is the east—west dimension of the ocean, U is a velocity scale related to
the amplitude of the imposed surface stress, and ¢ = D/L is a small parameter
indicating the shallowness of the ocean. In non-dimensional form the components
of (1) become

oP
Ru.Vu—(1+ﬂ’*y)v=—5—+E Vu+Ep32a (2)
oP
Bu.Vo+(1+f*y)u = —7 -+ By Vv+EV82, (3)
1P
Ru.Vw = — 2 5y +EHV2w+EV 8 5 (4)

where the primes have been dropped, the parameters R, §*, £, B} are defined as
R=Ulf,L, p*=pLlfp Eg=vylfol?, By =wvy|foD?
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and the Coriolis parameter now has the form f = f,(1 + £*y). The system is closed
by the continuity equation ou v ow .

P + @ + 7 =Y (5)
The boundary conditions in non-dimensional form are as follows. The condi-
tions at the surface z = 0 are

T, = 0ujoz = — Eytcosmy, (6a)
T, = W/0z=0, w=0, (6b)

where 7, 7, are the components of wind stress in the «, y directions respectively.
At therigid boundaries at the bottom and on the east and west coasts, the velocity
18 Zexo, w=v=w=0; z=—1, 2=0,1.

The north and south boundaries remain free, but we are particularly interested
in the region between y = 0 and y = 2, latitudes at which the wind stress curl
is zero.

3. Numerical values

Five parameterse, R, f*, E, E} have been introduced in the previous section
and before further approximation can be made to the equations of motion, it is
necessary to decide the relative magnitudes of their terms. The following are
taken as typical values for the dimensional parameters:

Jo=T3x10"5sec™, B =26x10"18cm1gec?,
L=2x%x10fcm, D=4x105cm, U = 5cmsec,
vg = 7Tx 10%cm?sec!, v, = 102cm?sec.

The Coriolis parameters are evaluated at latitude 15°N, and for the eddy viscosi-
ties we have used a value for v, that was given by Arons & Stommel (1967)
and for v, a value that is appropriate near the surface.

Using these values, the Rossby number

R = 34 x10-4.

Hence the non-linear terms will be small compared with the Coriolis terms except
perhaps in narrow western boundary currents where velocities are 0(100)cm
sec1. However, in this paper we shall confine our attention to viscous boundary
layers, neglecting the effects due to the non-linear terms. The Ekman numbers are

Ey =24%x10%, E, = 85x10%.

As these values for By and E), are close, we shall assume that E4/E, ~ O(1)
when using power series expansions in terms of the Ekman numbers. Slight
variations in the choice of eddy viscosities will only modify the solution quanti-
tatively. The remaining non-dimensional parameters are

e=2x10"3, f*=0"11.
46-2
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The latter cannot reasonably be neglected compared with unity, and it is the in-
clusion of this term throughout that gives rise to the interesting results. To
summarize, the assumptions to be made are

R~0;, Ex/Ey, p*~0(1); € Eg, B, <1

4. The vorticity equation

Neglecting the non-linear terms, cross-differentiation of (2)-(4) and use of the
continuity equation (5) leads to the vorticity equations

8 2\ (ov ou
* — e
—(1+p*y +,B v = (EHV +EV822) (ax ay), (7)
8u 0 o OW o
%, 2
—(1+ 8%y (EHV +EV3 2) ( 8y 62) (8)

Q

8 ou 0w
* 2 —
(1+5%y o2 (E VitLy 3z2) (8z ox )

The method used to deal with these equations will be power series expansion
for the dependent variables, each expansion valid in one of the regions shown in
figure 1. These regions are: (a) the interior away from the frictional influence of
the boundaries at x = 0, 1; 2z = 0, —1; (b) the Ekman layers of thickness O(E})
near z = 0, —1 but excluding the regions O(E%;) from the coasts at x = 0,1;
(¢) the east and west coast layers of thickness O(E%;) but excluding the regions
O(E?,) from the boundaries at z = 0, —1; (d) the corner regions along the east
and west coasts but within a distance O(E%,) from the boundaries at z = 0, — 1.
This region is only discussed in terms of continuity.

5. The interior
In this region, away from the frictional influence of the boundaries, the viscous
terms in the vorticity equations will be small. Expanding formally, we write
u = uy+ Ebu, + Bhu, +
v = v0+EJf’,v1+E$,v2+ .
w = w0+Eéw1+Efiw2+
where we have chosen the small parameter as E§, for conformity in the series for
all regions. Substitution into the vorticity equations (7)—(9) yields for ¢ = 1 to 5,

ow,
—(L+p*y) 2+ f*v; = 0, (10a)

ou;l0z = 0, 0v,/0z = 0. (10b)

For higher orders, a contribution from the viscous terms appears. The continuity
equation must always be satisfied and is, for all ¢,
ou; 0v; + ow;

JE— - 7’=
e w 0. (11)
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The solution of (10) is, for ¢ = 1-5,
u = u(@,y), v =v(,y), (L+B%yw; = f*vz+wi(x,y), (12)
where the unknown functions must be found by matching with the flow in the

Ekman layers and the side-wall layers. The horizontal components are independ-
ent of depth, whereas the vertical velocity varies linearly with depth.

6. The Ekman layers
The upper Ekman layer

In this thin layer vertical gradients of the velocity components will be large.
We introduce a magnified vertical co-ordinate { = z/(2E,)} and letw = (2E},)}W.
The overbars will indicate variables appropriate to the upper Ekman layer and
we write

T =g+ Bpu, + ...,
D= vy + Epoy+...,
W= 2E,)YW = 2B, H{W,+BL W, +...).

On substituting into (7)—(9) we have, for : = 1-5,

(L+ B*)W g — B, + $(Bynzz — Ugyzz) = 0, (13)
(1 +ﬂ*y)ﬁif'—%5ﬁf§ =0, (14)

and the continuity equation becomes

U+ Tgy+ Wy = 0. (16)
The suffices denote differentiation, and either (13) or (16) may be used to deter-
mine W, as the four equations are self-consistent.

The zeroth-order solution may be calculated by combining (14) and (15),
which are similar to the normal Ekman layer equations, to give

o _ o,
6_55 (uo’ UO) + 4(1 +,3*?/)23_§ (uO) ’UO) = 07
which has the following solution bounded as - — o,
Wy = Tgy (@, Y) + oo, y) exp [(1 +1) BL] + Uy, y) exp [(1— i) B,
Bo = Tou(®, 9) + Boa(a, ) exp [(1 + ) BE] + y5(a, ) exp [(1 — ) BL),
where B2 = 1+ f*y. Matching with the interior flow (12) for large negative
gives Ugy = Ug, Vo = Vg
The boundary conditions (6) at z = 0 in terms of the new magnified variable { are
0y|0f = —cosmy, &0,/ol=0, Wy=0, =0, (17)
and they yield the conditions
(144)Bug+ (1 — 1) Bty = —cosmy,
(1 4+2) By + (1 — ) Brgg = 0.
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Now substitution of the solutions into (14) together with these boundary con-
ditions gives
1—4 .. L4+

— e COSTTY, Tgy = —0gg = vy

Upz = Wog = 4B

cos Y.

Thus the zeroth-order solution in the upper Ekman layer is

cos 7Y
2B

Uy = Uo(®, Y) —

exp (BE) (cos B +sin BY), (18)

Yy = (2, )+

2B exp (BZ) (cos B —sin BE). (19)

The vertical velocity W, may be obtained from integration of (13) with respect
to ¢ and substitution from (18) and (19), giving

BW = Wy (2,y) + B*oo(@, Y) + o3 A

s 08 TY €Xp (BE) cos BE

_ = * _ - -
+7§T sin 77y exp (BE) cos B — 4—B€ cos 7y exp (BE) (cos B —sin BY).

Rewriting this expression in terms of the outer (interior) variable, we have for
large negative ¢, B2 = (2B, )H{W oy + Bvo2(2By) 8 + ...
= f*vyz+ O(B}).

Matching with the interior flow (12) gives wg = 0. Finally, the boundary con-
dition (17) at { = 0 gives

Wo=—gp

%
cos 7y — Ywsin7y. (20)

The lower Ekman layer

In this region the stretched co-ordinate is { = (z+1)(2Ey)~* and the equations
are the same as (13)—(16) with the overbars replaced by tildes, used to denote the
lower Ekman layer. Similarly, the solution of (14) and (15) which matches the
interior flow for large { is

Tlp = tg(®, Y) +Tga(%, y) exP [ — (1 +19) BE] + Tioa(, ) eXP[ (1-4)BE),
By = Vo(, y) + Bog(, y) exp [ — (1 +8) BL] + Fogl, y) exp [ — (1 — 1) BE].
The boundary condition at { = 0(z = —1)is & = ¥ = W= 0 and hence
Ug+ Tgg+ o = 0, vo+ Ty + Ty = O,
which, on substituting in (14), gives
Gigy = 109y = 3(—Ug—10y), gy = — T3 = F(—ug+20y).
Thus, the zeroth-order solution in the lower Ekman layer is
iy = uy— exp (— BE) (u, cos B+ v, sin BY),
By = vo+exp (— BE) (uysin B — v, cos BE).
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The integral of (13) with respect to  gives
B2W, = W, y) + f*v, L+ exp (— BE) (function of ug, v,),

and the undefined function is zero if %, and v, are zero. Rewriting in terms of the
outer variables we have, for large ,
Bb = B*vg(z+ 1)+ O(B}).

Recalling that we have already shown that w§ = 0, matching with the interior
flow (12) gives v, = 0. Now (10a) gives dw,/0z = 0 and hence the continuity
equation (11) gives duy/ox = 0. Thus u, is a function of ¥ only. We shall show in §8
that with the imposed wind stress (6), the interior normal velocity must satisfy
the boundary condition at the east coast; that is, u=0atz=1and 4, =0
for all z, y.

We have shown that there is no zeroth-order flow in the interior, and using the
boundary condition at { = 0, we can show that W, = 0. Hence there is no zeroth-
order flow in the lower Ekman layer. The only zeroth-order flow is in the upper
boundary layer, which is a conventional Ekman layer that decreases in thickness
with increasing latitude due to the presence of the (1 + f*y). The vertical ve-
locity out of the upper layer (Ekman suction) will produce an O(E}) flow in the
interior, as we shall see in the next section.

7. Higher-order terms: the interior solution

For the first- and second-order terms the calculation of §6 is followed with the
exception that the boundary conditions at the surface have the simpler form

duyfoC, ov,Jol, W,=0 (£=0). (21)
It is found that all first- and second-order terms are zero, as could have been
anticipated as we expect a power series in E} in the Ekman layers. However,
the third-order, O(E}b,), flow is non-zero because the function W; now appears in
the matching condition. As for the zeroth-order terms, the solution which matches
with the interior flow for large negative { is
Uy = Uy + Ugy exp [(1 +4) BE) + Uy exp [(1 —4) BE),
B = 0+ Bgy exp [(1 + 1) BL] + By exp [(1 —i) BE].
The boundary conditions (21) at the surface £ = 0, together with the relations
obtained by substituting in (14}, give
Ugp = Ugg = Vgg = gz = 0.
Thus the flow in the upper Ekman layer is just the zeroth-order Ekman flow plus
the O(E}) interior flow. Equation (13) with i = 3 gives, on integration with
respect to &, BXW, = Wy(@,y) + f*v;4,
and the boundary condition at = 0 implies that W4, = 0. Rewriting in outer
variables we have, for large negative ¢,

B*W, = BB YW+ EL W, +...)
= 2By}t Woy + B} B*0y2+ O(B}).
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The outer (interior) solution, from (12), is

Bw = B} (f*vyz + wh) + O(B}), (22)
and matching gives wh = Wy 2. (23)

The third-order Ekman layer solution has the same form as the zeroth-order
solution as the boundary conditions are unchanged. The appropriate solution is

iy = ug—exp [ — BE] (u; cos BE + v, sin BY),
Uy = vg+exp[— B (ugsin B — vy cos BY),
B*W, = Wy,(x,y)+ f*vyf + exponential terms,

where W,, may be found from the boundary condition at { = 0. Rewriting in
outer variables, for large £ we have

B2 = B} froy(z+1) + O(B).
Matching with the interior solution (22) gives
; . pF T
fHv, = wi = "B cosS Y — 7 sin 7y, (24)
using (20) and (23). Now the continuity equation and (10a) gives

B2 (8u3 + %) - 8w3 .

ox oy
ou, Ben?
2”78 _ "
Hence B G T p 2 cos my,
and Ug = ﬂ* \/2 cosmy + Us(y). (25)

In §8 we show that the interior normal velocity must satisfy the boundary
condition at the east coast. Thus the function U,(y) is chosen so that u, = 0
at x = 1, and then the interior solution is

w = (EV)EZZ —z)cosmy + O(Ey), (26)
Ey
v=— (—2_) (00;;”/ Iz sin ﬂy) +O0(E)), (27)
Lg%
w— — (%) % (z+1) (00;;7?/ ﬂ* sin 773/) O(Ey), (28)
BZ =1 +ﬁ*y’

where the fact that the fourth- and fifth-order terms can be shown to be zero has
been included.

It is seen in (28) that the vertical velocity decreases linearly with depth to
zero at the bottom. Thus to this order there is no flow into the lower Ekman
layer whose only purpose is to smooth the horizontal velocity to zero. It is
clearly of minor importance compared with the upper layer. These general results
were obtained by Robinson (1965, chapter 17). Although in the dimensionless
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variables above, w has the same order of magnitude as the horizontal velocity
components, it should be recalled that the scaling for w included the small
parameter ¢. Consequently the actual dimensional vertical velocity is extremely
small (a few cm per day using the values in §3). However, the vertical transport
over the whole ocean is a significant part of the motion.

The most interesting result, due to the inclusion of the §* term throughout is
the fact that v and w are not zero where the wind stress curl is zero. The interior
flow is shifted southward relative to the wind stress field, and can be examined
more easily if (27) is rewritten as

v=— (‘%V)% (§+;—;)%sin (ﬂy+tan—1 Bliin) +O(Ey). (29)

The phase shift southward is tan—!fg*/m(1+ f*y), which varies from about
m/14 at y = 0 to about 7/36 at y = 2. An explanation of this effect is now given.
For a uniformly rotating fluid, the Ekman layer suction (or w) is zero where the
wind stress curl is zero. On a f-plane with constant east wind stress (that is
zero curl) there will be a flow out of the Ekman layer for the northward Ekman
transport as the thickness of the layer decreases with increasing latitude. Conse-
quently for a S-plane with variable wind stress, the zeros of » and w in the in-
terior cannot occur at latitudes of zero wind stress curl. Moreover as the transport
of the Ekman layer due to the f-effect decreases with increasing latitude whereas
the transport associated with the wind stress is periodic, we expect to find that
the phase shift decreases with increasing latitude.

Finally, as the u velocity component remains in phase with the wind stress,
there will be a north-south asymmetry in the interior flow as will be seen later
in figure 2. The structure of the circulation produced by these results will be-
come clear after the flow in the west coast boundary layer has been examined.

8. The east and west coast boundary layers

The interior low cannot satisfy the conditions of zero velocity at the east and
west coasts and boundary layers will be required. As the wind stress was chosen
so that there is no east—west transport in the upper Ekman layer, there will not
be any upwelling or sinking at the coasts. At the east coast we shall find that the
interior normal velocity « is zero and that a weak boundary layer is required to
bring the O(E,%,) tangential flow to zero at 2 = 1. The structure of this boundary
layer will be simple exponential decay of the interior flow. This layer would be
more interesting if a different wind stress were used which required the layer to
remove fluid from or supply fluid to the Ekman layer.

At the west coast the situation is complicated by the need for a substantial
north-south return flow to compensate the slow drift in the interior. This return
flow of O(E%,) will take place in a layer of thickness E§; which also smooths the
normal velocity u to zero at = 0. In addition, as on the east coast, a weaker
layer is required to bring the O(E%) tangential flow to zero, but will not be
considered here as it is not involved in net transport of fluid.
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West coast boundary layer

A circumflex will be used to denote variables in the west coast boundary layer
and the following new variables are introduced

y=Eztx, U=Egh.

Expanding in power series as above but this time emphasising the dependence
on the small parameter Ky, we have

O=ELU,+E}U,+ ...,

b= E&0, + Bip,+

D=ELo,+ ...,

P=ELP +
As the horizontal velocities in the interior are independent of z and as there is no
flow from the Ekman layer into this layer, the vertical velocity in this layer must

be the same order as in the interior. Substitution into the linear terms of (2)—(5)
and retention of the lowest order terms gives

(1+Ig*y)61 = Plﬂ:
(1 +ﬂ*y)U1 = _P1y+1/>117177

A~

0=-"F 122
U, +0y, = 0. (30)
Elimination of P, and U, gives the following equations,
Dyyy—B¥0y = 0, By, =0, (31)
and the solution for #,, which tends to zero as n— o0 is
By = D1a(y) exp (B*¥n) + Dya(y) exp (w33*y), (32)

where w = 1(—1+¢ /3). The boundary condition at = 0 gives
D+ 0y = 0.

Proceeding now to the variable U, which has to match with the interior flow we
have, from the continuity equation (30), that

A

dv
0,y = —d—”{exp (wp*by) - exp (W)},
1

and thus U, = Uy(y)— v dy U { exp (0f*in) — exp (w2B*1)}. (33)
So for large 7, 0=E40,+...
= E4U,(y) +O(E).

The interior solution, written in terms of inner (boundary layer) variables,

becomes B ”Tz
w = — (V) ,3* 1— B} ) cosmy +...

E%( )ﬂ*cosny+0( ).
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Therefore matching gives

b
O4ly) = ( By ) ﬂi cosy. (34)

The boundary condition on U, at = 0 is, from (33),

_oa ddy (w=1)
0= Un="gt st

which implies that
LY AL S ) A L
dy *—ow U 2By p*3,3

COS Y

A

E 3 ox
U3 = V il e SN Y + 103,
/f*‘ V3

where 9,4 is a constant. Thus, from (32)—(34),

and

E N\t on L by
— 2% —1p0%} 1 %}
b= {(2EH) *%./3 sinry 21’13} exp (—§f*hn)sin § /(3)8*4,

2 = — (AEy) ﬂ*cos7ry{ —exp (— 14*Hy) (i s1n‘/ Brbn— cos‘/ ,b’*%ﬂ):

(35)

which brings the interior east—west flow smoothly to zero at the west coast.
The remaining constant is determined by ensuring that the volume flux into
the boundary layer equals the return flux in the layer. As the model has unit
depth, the volume flux into the boundary layer between the latitudes y = 0 and

y=13%is y
f —u(0,y,2)dy = ﬁ;f cosmydy = (3B, )t o
" B ﬂ

The northward volume flux in the boundary layer past the latitude y =  is

é ®©
J‘ f](:l,‘, 712: 2) dx = f E%I?A)(ﬂ’ %) Z) d”
z=0

E,\t 2 ~ [ .
= B4 ((55) iy~ 2|, exp(~1p"msin y@)5ndn
H 0

3
_(Br\t7m _Bh\3,
-(3) g o

Hence continuity is only satisfied if ;3 = 0, and the return flow along the west
coast is given by

- Ey\t 2m . .
b= BY (21’]—2) /’7*;:/3 sin 7ry exp (— 34*¥n) sin } |/(3) B*y. (37)

East coast boundary layer
Turning now to the east coast boundary layer, the appropriate stretched co-
ordinate is 7 = (1 —x) B}, and the equations for #; corresponding to (31) are

Duzzs+ B¥0y = 0, By, = 0.
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The solution that is bounded as % —» o0 is

A

by = dgly) exp (- f*¥7)
and the continuity equation gives
A1 ddg 1 ol
Uy = Ugly)— Ay ﬂ*% exp (—f*i7).
So for large 7, a=EYL0,+... = B4 U+ OFY,).

The interior solution (25), written in terms of the inner variable, is given by

3 (1 —Eiﬁl)

B {”ﬁ"*of/;” + Uy )} +O(B}).

cosmy + Ua(y)} +

Therefore matching gives
A (Ep\*[m*cosmy
0= (&) (7" + )

and the boundary condition on 7 = 0 for » and v gives
by =0, Ug=ddg/dy=0.
m2cosmy
B* 2

showing that the interior velocity » must satisfy the east coast boundary con-
dition.

Therefore Uyly) = —

9. Discussion

The west coast solution obtained in (35) and (37) closely resembles the inte-
grated solution given by Munk (1950) and includes an offshore counter current
with transport of magnitude 17 9, of the main current. There is no phase shift
in this current and therefore it does not form, with the interior flow, the simple
closed gyres that Munk obtained. As shown in figure 2, some fluid from the
west coast current in the southern half-basin moves out of the southern gyre and
enters the northern gyre, thereby producing a flow from south-west to north-east.
There is an apparent lack of continuity until it is realized that the northern gyre
is a region of upflow into the Ekman layer with a corresponding downflow out
of the Ekman layer into the southern gyre. It remains to verify that the transport
from the south-west to the north-east is indeed returned by the Ekman transport
in the upper layer. The flow out of the region 0 < y < 1 into the interior of
adjacent regions is, from (27),

f:=0 —o(x,0,2)dx +f:=0 v(x, 1,2)dx = (%T—’)% (1 + %ﬂ_*) . (38)
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The downflow out of the Ekman layer in the region 0 < y < 1is, by (28),

1o EANY (L pB* (cosmy msinmy
- 3 :0 d d = I) { + Jd
L=0L=O w(z, y, 0)dzdy (2 oI+ \Tipy T Y

- () [l - G ()

®
i

West coast o
current
Counter
current

F1eure 2. Plan view of the interior flow. The velocity components v, w are zero on the
lines ¥ = ¥, ¥y ¥3- On the right is shown the surface stress distribution. Downflow out
of the Ekman layer occurs in the region y, < y < y,. Upflow occurs in the region
Yo <Y < Y3

thus satisfying continuity. Although the phase shift at latitude y = 1 is small, as
the wind stress has a maximum there, the actual transport north-eastwards is
appreciable. The fraction of the west coast current that moves north-eastwards
is, from (36) and the second term of (38),

(1+%) 3 np*,
which corresponds to about 13 %, using the value 8* = 0-71.
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Clearly in the standard method of integrating vertically and dealing with
volume transports, these results could not be foreseen as there is no net transport
across the latitudes of zero wind stress curl. Thus the variation of the Coriolis
parameter with latitude provides a mechanism for producing a drift of fluid
north-eastwards across the ocean, a feature of the North Atlantic circulation.
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