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ABSTRACT 

One- and two-layer models of the Antarctic Ocean are examined. Both the peripheral 
discharge (caused by melting and ablation) and the surface wind stress (due to an easterly 
wind system) are taken into account. It is shown that these two driving mechanisms partially 
counteract each other . A s a result, the net zonal transport is smaller than that in the case 
of purely wind driving. 

1. Introduction. In a recent paper (Barcilon 1966a) it was shown that, in 
the absence of other driving mechanisms, the water discharge from the 
Antarctic Continent would induce a current flowing around Antarctica in 
a westward direction, i.e., opposite to the Circumpolar Current. For water 
discharge equal to the average rate of snowfall, the zonal transport, MQ, due 
to this current was found to be of the order of 1013- I a14 g/sec. Since these 
values are comparable to the magnitude of the observed zonal transport 
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(K ort I 964), the peripheral water discharge could play an important role in 
the dynamics of the Antarctic Circumpolar Current. In particular, I have 
suggested that the peripheral water discharge could constitute a slow-down 
mechanism that would reduce the strength of the eastward wind-driven 
current. 

In the same paper, several assumptions were made in order to derive a 
formula for this zonal transport, MQ . In particular, the ocean was assumed 
to be barotropic; although this assumption could be justifi ed by the fact that 
the Antarctic Circumpolar Current extends to great depths, the ocean is 
nevertheless baroclinic. It is therefore natural to ask whether the results 
obtained are modified by a vertical stratifi cation, and if so, how. In the present 
paper an attempt is made to answer this questi on and to show that baroclinic 
effects do not alter previous conclusions. The plan to be followed is this: 
first, the slow-down mechanism due to the peripheral discharge will be 
explained in simple terms. From this discussion it will become apparent that 
the vertical stratification is not likely to affect this mechanism. This con-
clusion will then be further substantiated by an examination of a simple baro-
clinic model (two-layer) of the Antarctic Ocean driven by both peripheral 
discharge and wind stress. 

2 . Simple Physical Explanation of the Dynamical Effect of the Peripheral 
Discharge. A ssume that there is a steady peripheral water discharge Q (in 
g/sec.- ') around the coast of Antarctica. This creates the need for a north-
ward transport. However, a northward geostrophic fl ow extending over most 
of the ocean's depth and carrying a net mass flu x, Q, across a latitudinal circle 
is not permissible. In fact, the geostrophic balance impli es that the net north-
ward transport is identically zero. Therefore, the northward fl ow must be 
confined within regions where the balance is ageostrophic. This conclusion is 
a direct consequence of the geostrophic assumption and is independent of 
whether the ocean is barotropic or baroclinic. Assuming (as in Barcilon I 966a) 
that the Rossby number is small, i. e., that the inertial forces are negli gibl e, 
the northbound fl ow must take place via Ekman layers.2 If u is an average 
northward velocity in the Ekman layer and o the depth of this layer, it is 
therefore necessary that: 

2na cos <pO(!U = Q, (2. I) 

where a is the earth radius, <p the latitude, and e the density of the water. 
Recallin g that o equals ( v/Q)'12, where Y is the verti cal kinematic eddy 
coefficient and Q the earth's rate of rotation, it fo ll ows that: 

n1 f2Q 
U= - - -~--

2 n a cos <p (! y 1l 2 • 

2. There is ample evidence that this is indeed the case (Deacon 1937: 3, 10, 12, etc.). 

(2.2) 
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But in the southern hemisphere and in the absence of wind driving, a north-
ward transport in the Ekman layer impli es the existence of a westward 
geostrophic current, V, which extends throughout the depth of the ocean and 
is comparable to u, i. e., 

7r,tl•Q 
V = - - - ~ --

2nacos<pev''2 
(2.3) 

This result, deri ved by Barcilon (1966a), apparently contradicts the Ekman 
theory (1928). Indeed, for the southern hemisphere, the Ekman theory 
impli es that a northward surface transport is associated with an eastward zonal 
geostrophic fl ow. Therefore, it is pertinent to briefly examine how these 
zonal currents are induced and why they fl ow in opposite directions. 

The Ekman theory states that a west-wind stress would induce a north-
ward surface transport. This northward transport would create a water pile-up 
against a northern coast (sic), thus producing a positive northern pressure 
gradient. In turn, this pressure gradient would be responsible for an eastward 
zonal geostrophic fl ow. 

Without entering into a discussion of whether the assumption of a northern 
boundary is reali sti c in the case of the Antarctic Ocean, the discharge driving 
is now considered. It has already been shown that there is a northward transport 
via Ekman layers. However, this northward transport, far from producing a 
positi ve pressure gradient, is, on the contrary, due to a negative pressure gradient. 
Indeed, because of the peripheral discharge, water is now "pil ed up" along 
the southern boundary of the Antarctic Ocean. The negati ve pressure gradient 
thus created induces a westward zonal geostrophic fl ow. 

Although a northward Ekman transport is created by both types of driving, 
it is associated with opposite northern pressure gradients. It is now clear that 
the peripheral discharge will reduce the strength of the eastward wind-driven 
current by reducing the magnitude of the positiv e northward pressure gradient. 
In addition, the effi ciency of the wind driving, which reli es on the northward 
water pile-up by the drift current, is likely to be further reduced because of 
the nonexistence of a northern boundary.3 

The above explanation of the slow-down mechanism due to the peripheral 
discharge can be formulated in terms of surface stresses rather than pressure 
gradients. The argument would be modifi ed as follows. By means of the 
northward transport, the peripheral discharge induces a westward stress at the 
free surface. As a result, the magnitude of the net (presumably) eastward 
surface stress is small er than that of the wind. With either approach it is seen 
that the wind driving is counteracted by the dynamical effect of the peripheral 
discharge. 

3. Deacon (1937: I 1), relying on Krtimmel's (19 1 I : 680-681) calculations, mentions the poor 
agreement between theoret ical wind currents and observed currents and suggests " the existence of a 
northward movement caused by other factors." 
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Now consider the derivation of the westward transport, MQ, due to the 
discharge. In order to integrate /7 over the depth of the ocean, its vertical 
variation must be known. It is only at this stage that a baroclinic or barotropic 
assumption comes into play. If the ocean is assumed to be barotropic (as in 
Barcilon r 966a) then it immediately follows that 

where dis the depth of the ocean. If it is assumed that the ocean is baroclinic 
but that /7 is a smooth function of depth, then the effect of the stratification 
can be simply parameterized by introducing in (2.4) a numerical factor, S. 
The two-layer model, considered in § 3, shows that such a treatment of the 
baroclinic effect is justified. N evertheless, it is already apparent from the 
above that the stratification is not lik ely to alter the over-all effect of the 
discharge. 

3. Two-layer Model. As in Barcilon (1966a), the Antarctic Ocean is 
modeled by the annular region bounded by two concentric circular cylinders 
of radius a and b (a< b), mounted on a rotating table that has a clockwise 
angular velocity, Q. The annular region is filled with two immiscible incom-
pressible viscous fluids of density (21 and (22 (e, < (22), which form two layers 
of thicknesses h, and h2 (h, + h2 = d). The peripheral discharge is modeled 
by inj ecting (uniformly) fluid of density e, through the portion of the surface 
of the inner cylinder that is wetted by fluid of the same density. Finally, the 
wind driving is modeled by the torque applied by a rigid lid on the upper 
surface, which has a clockwise differential angular rotation, w. 

Assuming that the Rossby number is small, it is possible to formulate for the 
ensuing fl.ow a boundary-value problem that consists of the linearized Navier-
Stokes equations, of the continuity equation, and of boundary conditions at: 
(i) the upper surface, (ii) the interface, (iii) the bottom, and (iv) the vertical 
side walls. As for the one-layer model, the solution of this boundary-value 
problem can be written as a sum of interior and both horizontal and vertical 
boundary-layer fi elds (Lewellen 1965, Barcilon 1966a, b). However, for 
present purposes it is not necessary to derive the various lengthy expressions 
that enter into the solution. In particular, consideration of the verti cal 
boundary layers can be avoided altogether by (i) replacing the boundary con-
ditions along the side walls with the following radial flu x requirements: 

21ire, r u,dz = Q, 

"· 
r1'' 2 nre, t u,dz = o , 

(3.1) 

(3.2) 
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a~d (ii) by neglecting the lateral frictional forces in the equations of motion, 
VIZ. 

(3.3) 

where i = I ,2. The solution of the boundary-value problem thus simplified 
is valid 'far' from the side walls and is made up of only interior and Ekman-
layer fields. Assuming for the sake of simplicity that the flow is axially sym-
metric, the horizontal components of the velocity can be written thus: 

{ } d - z (z -d) u, = /7, (r) + w r sin Tr exp Tr + 

(3.4) 
+ .A+(r)cos--·+B+(r)sin-- exp - - , 

{ 
z - h, z - h21 (h2 - z) 

o, o, o, 

{ } d-z (z -d) v, = /7,(r)- /7,(r)+wr cosTexp Tr + 

(3.5) 

f z - h, z - h2 } (h2 - z) +) - B+ (r) cos--· +.A+ (r) sin-- exp -- , 
l o, o, o, 

and 

u2 = .A_(r)cos-- +B_(r) sin -- exp - - + { 
h2 - z h2 - z } (z -h2) 

02 02 02 
(3.6) 

+ /72 (r) sin 2- exp ( - 2-), 
02 02 



6 Journal of Marine Research 

{ 
h2 - z . h2 - z } (z -h2) v2 = f/2 (r)+ -B_(r)cosbz+ . .L(r) smbz exp bi -

(3.7) 

-f/z(r) cos~exp(-~ ), 
b2 b2 

where 
(3.8) 

is the depth of the Ekman layer in the i-fluid. Because of the axial symmetry, 
the interior geostrophic velocity is purely zonal; however, both radial and zonal 
motions can occur inside the Ekman layers that are present along the top and 
bottom surfaces and on either side of the interface. In the expressions (3.4)-
(3. 7 ), the no-slip conditions at the top and bottom surfaces have explicitly 
been taken into account. Also explicitly used is the fact that, in each layer, 
the interior geostrophic velocity is not a function of depth (Taylor-Proudman 
theorem). 

At the interface, both the stress and the velocity must be continuous, i.e., 

A+ = .A_' 

//1-B+ = //2-B_, 

(3.9a) 

(3.9 b) 

(3 . roa) 

(3.rob) 

where µi = (!i'JJt is the vertical eddy coefficient in the i-th layer. From (3.9) 
and (3.10a) it can be immetiately deduced that: 

A+= A_= o, (3.1 1) 

i.e., that the radial velocity vanishes at the interface. Therefore (3.9) reduces 
to: 

(3.12) 

Additional relationships between the B's and //'s are obtained from the 
radia~ m~ss _flux _requirements (3. 1) an? (3.2). Since the radial geostrophic 
velocity 1s 1dent1cally zero, (3. 1) requires that the radial transport in the 
Ekman layers at the upper surface and above the interface be equal to the 
discharge, viz., 

2ne1b, - B+(r)+ - f/,(r)+ - wr =0. 
{ 

1 I 1 } 

2 2 2 ~ (3. l 3) 
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Similarly, (3.2) requires that the radial transports in the Ekman layers below 
the interface and at the bottom be equal and opposite, viz., 

B_(r) + //. (r) = o . (3.14) 

By solving the linear set of equations (3.10b), (3.12), (3.13), (3.14) for //1 
and //. it follows that 

2k + 1 f Q ] 
//, = 2(k+ 1) lne,c5,r -wr ' (3. I 5) 

(3. I 6) 

where 

Although ll.uid is forced only through the upper layer, a zonal velocity is 
also induced in the lower layer of heavier ll.uid. Because the Ekman layer 
above the interface carries a fraction of the radial ll.ux, this interface acts as a 
rigid surface that applies a torque to the lower layer. It is also interesting to 
note that the net radial transport along the interface is small, viz. of 0(1-k), 
and that most of the mass ll.ux actually takes place via the top and bottom 
Ekman layers. 

It is convenient to write the expression for the zonal velocity for the 
analogous one-layer model, viz., 

// = _!__ [_JL_ -wr] . 
2 nebr (3. I 8) 

This expression can easily be derived by means of arguments similar to those 
used above.4 From a comparison of (3.18) and (3.15)-(3.16) it is seen that 
the effect of the stratification is primarily restricted to a modification of the 
vertical structure of the velocity. Since k is approximately unity for oceanic 
conditions, the zonal velocity in the upper and lower layers is roughly 
equal, respectively, to three halves and one-half of the barotropic value. 
Consequently, the zonal transports in the baroclinic and barotropic models 
are comparable. Furthermore, stratification does not affect the horizontal 
structure of the velocity, the latter being solely controlled by Q and w, i.e., 
by the peripheral discharge and the wind stress. As a result, baroclinic effects 
do not alter the over-all dynamical role of the peripheral discharge. 

Since the peripheral discharge and the wind stress are counteracting each 

4. The expression for V obtained by putting w = o in (3. I 8) differs from that given in Barcilon 
(1966a) by a factor of 2. This is due to the fact that in the present analysis the upper surface is ri gid 
rather than free. 
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other, it seems natural to define a parameter that measures their relative 
importance. For instance, such a parameter could be defined thus: 

mag. of westward current due to p.d. 
y= ' mag. of eastward current due to wind 

I.e., 
Q/eaL 

y= ' wL 

where L is a characteristic horizontal length scale. Replacing w with an ex-
pression that contains explicitly the surface stress, -r, viz., 

( 3. 1 9) is rewritten as follows: 

a 
w= - -r, 

µL 

QQ 
y=~. 

-rL 

(3.20) 

(3.21) 

As was already mentioned (Barcilon 1966a), the numerical value of Q is not 
known, and at present it can only be deduced from indirect measurements. 
For instance, relying on the fact that there is no evidence of an increase in 
the amount of water on the Antarctic Continent, a rough estimate of Q 
could be obtained from the average rate of snowfall, viz., 1 ong sec- 1

. How-
ever, since the peripheral discharge occurs over a period of a month rather 
than a year, a value of Q equal to 1012g sec1 would probably be more 
appropriate. Using these two values of Q and taking -r = 1 c.g.s, L = 108cm, 
Q = 1 o-4 sec- 1

, y turns out to be of the order of 10- 1 and 1. 

4. Conclusion. I have examined, either in terms of surface stress or north-
ward pressure gradient, how the peripheral discharge constitutes a slow-down 
mechanism for the wind driving. I have also shown that this effect is inde-
pendent of whether the ocean is assumed to be baroclinic. Though I am not 
aware of any detailed discussion of the role of the peripheral discharge, its 
dynamical effect has often been invoked to explain certain observations at 
odds with wind arguments. I again quote Deacon (1937: 50): "Krummel 
(1911, pp. 680-1) ... found that the surface current was stronger in summer 
than in winter, although the wind current should be weaker. Michaelis 
(1923, p. 29) also shows that the West Wind Drift has a more northerly 
direction in summer than in winter and attributes the difference to a much 
greater northward movement of thaw-water from melting ice in summer." 
It is in fact remarkable that several features similar to those of the actual oceanic 
circulation are present in the discharge-driven model (e.g., the reversal of the 
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zonal current in the vicinity of the coast, the existence of a bottom northward 
fl. ow, etc.), in spite of the oversimplification of the one- and two-layer models 
and of the absence of the important thermohaline processes. 

Having examined the effect of the peripheral discharge on the dynamics of 
the Antarctic Ocean, it is pertinent to ask whether similar effects are likely 
to be important in other oceans in which infl. ow occurs along their boundaries, 
e.g., the Arctic Ocean. In order to answer this questi on it is necessary to 
recall that the reason for the importance of the Antarctic discharge lies in the 
fact that the source-sink transport is effected via Ekman layers rather than 
through the 'interior' geostrophic region of the ocean. This is found to be the 
case only when a net nonzero outflow (infl.ow) across a boundary exists 
(Barcilon 1966 b, Hide unpubl.S). Obviously, this requirement can be met 
only if the ocean basin is multiply connected. Basins such as the Arctic one are 
simply connected, however, and both 'sources' and 'sinks' are distributed 
along the same boundary. For such simply connected regions, it has been shown 
(Barcilon 1966 b, Hide unpubl.5) that the source-sink transport occurs via 
the geostrophic 'interior.' As a result, the parameter y will be much smaller 
(by a factor of o/d) and the wind will probably constitute the main driving 
mechanism. Therefore, in an indirect way, the geometry of the Antarctic 
Ocean enhances the effect of the peripheral discharge. 
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