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Model of World Ocean Circulation:
I.

Wind-driven, two-layer'

George V eronis
Department of Geology and Geophysics
Yale University
New Haven, Conn. 06520

ABSTRACT
In preparation for a more comprehensive study, the present paper develops a picture of
steady global ocean circulation .as it would appear if the ocean were driven by only the wind
stress at the surface. The spherical geometry is retained, but bottom topography is neglected
and the lateral boundaries of the different basins are segments of parallels of longitude or
latitude. The observed zonal wind stress is zonally averaged for each basin, and the stratification is represented by two homogeneous layers that are dynamically uncoupled; i.e., there
is no stress transfer across the interface or thermocline .
Outside of boundary layers, geostrophic flow is modified only by wind stress. The downstream flow in boundary layers is geostrophically balanced but the momentum balance of
the cross-stream flow is not specified. The requirement that the net transport across a latitude
circle must vanish then suffices to yield most of the gross features of the circulation.
A simple argument is put forth to show that eastern boundary layers are required as
part of the general circulation. Several types of eastern boundary currents arise. At midlatitudes the California, Peru, and Portu gal-Canary currents form one class. The Benguela
serves a different function. The Norwegian, Alaska, and Cape Horn currents form a third
class. The Flinders Current, actually a zonal boundary current in the Great Australian
Bight, also falls in a separate class. All of these boundary currents affect the separation of
the western boundary currents from the coast by imposing requirements on the amount of
water that must be carried by the latter. However, the mechanism differs from class to class.
An analysis is presented for the manner in which a wegtern boundary current separates
from the coast, follows an open-ocean path, and penetrates through the normal "barrier"
formed by the vanishing of the wind-stress curl. The western boundary current ends up as
a relatively narrow poleward current in the subpolar eastern side of the ocean. In this sense
the Norwegian is part of the Gulf Stream, the Alaska is part of the Kuroshio, and the Cape
Horn is part of the East Australian-New Zealand Current.
The Agulhas separates from the coast at the so uthern tip of Africa and re-enters the
Indian Ocean as the Return Agulhas Current. If the wind-stress curl in the Indian Ocean
were weaker, the Agulhas could round the Cape of Good Hope and transport a massive
amount of warm Indian water into the South Atlantic. It is suggested that the transient
wi nds in the Indian Ocean probably lead to periods when there are such leaks of Agulhas
water into the Benguela Current.
I.
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The (cold water) flow between South America and Antarctica appears to be blocked by
meridional barriers to zonal flow . The Antarctic Convergence is identified as the eastward
jet that forms because of the presence of these barriers.
A rough classification of western boundary curren ts is offered to explain the different
behavior exhibited by the several currents. Finally, it is shown that the different Convergences serve ver y specific functions and that the presently used classification attaches the
same name to Convergences that serve different functions.

1. Introduction and Summary. Fig. 24 contains the major features of the
transport distribution calculated here for the world ocean. An idealized form
of a number of observed currents and some structural features, such as the
separation of the several western boundary currents from the coasts, are present
in this figure.
In an earlier unreported calculation, the ocean was driven by wind stresses
and by heating and cooling. However, it was difficult to sort out the causative
elements in the calculation, so it was decided to do the simpler wind-driven
model first. Although the mathematical treatment is based on familiar equations, the approach is more intricate than the usual one. Therefore, it seemed
advisable to present the wind-driven calculation and to introduce some of the
reasoning for the simpler model before discussing the more complicated system,
with heating and cooling included. Consequently, even though quantitative
results are presented, it should be noted that only one of the two main driving
forces in the ocean is included and that significant changes can be expected in
the more complete study that will follow.
The analytical model includes a very idealized spherical geometry for the
boundaries (Fig. 1), a two-layer representation for the stratification, and a zonal
average of the observed mean zonal wind stresses that have been reported by
Hellerman ( 1967 ). The assumed physical balance is very simple, viz., geostrophic flow almost everywhere modified only by wind stresses in the interior.
The assumption of no stress transfer across the interface, so that the lower
layer is quiescent except where it surfaces and is directly driven by the wind,
is equivalent to assuming zero horizontal pressure gradient in the lower layer.
As a consequence, there is no pressure torque on the lower layer where there
is no flow.
The momentum balance involving the downstream pressure gradient in the
different boundary layers is left unspecified. Hence, the system is open in the
sense that it is not possi ble to construct integral balances for momentum and
vorticity over the entire basin without specifying the missing dynamical
balances. However, by requiring a mass transport balance across latitude
circles, all of the gross features of the circulation can be obtained. This reasoning
was used by Stommel (1957a) in the construction of his abyssal circulation
model. The detailed structure of the boundary-layer flow cannot be obtained
by this approach.
The solutions presented below are not unique. Indeed, during the course of
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this study, different solutions were derived for certain regions. The final choice
was based on physical considerations that seemed to me to be the most r:asonable of the alternatives. Hence, the picture that emerges should be considered
the product of a construction rather than of a unique analysis.
The procedure of using only a partial dynamical balance and of requiring
only consistency in transports makes it possible to consider fl?ws where t_he
thermocline (the interface between the two layers) has substantial depth vanation parallel to, but slightly offshore of, the eastern boundaries. As the water
above the thermocline is advected horizontally, its density is altered because of
heat exchange with the atmosphere. Hence, we may expect that a mass of
water moving westward at a northern latitude is cooled so that when it arrives
near an eastern boundary, the thermocline is shallow. This reasoning is used
as sufficient justification to accept the depth of the thermocline near the eastern
boundary as given at two latitudes. The direction of the flow normal to the
eastern boundary layers is determined by the north-south derivative of the
wind-stress curl. Using all of this reasoning, it is then straightforward to deduce
that eastern boundary currents are required in the latitudinal ranges where
the Peru, California, Portugal, and Canary currents exist.
The existence and details of the Alaska, Cape Horn, and Norwegian currents are based on an argument that is more subtle. We argue here that the
existence of all of these eastern boundary currents is required by the general
circulation but that local processes are important for quantitative calculations.
(Our results for the eastern boundary layers should not be interpreted as precise
quantitative predictions.)
Once the gross features near the eastern boundaries have been derived, we
require that the net interior transport plus the transport of eastern boundary
layer be returned via the western boundary layers where the downstream component of flow is geostrophically balanced. This requirement provides an expression for the square of the onshore thermocline depth. When the required
transport is too large to be geostrophically balanced, the square of the onshore
thermocline depth becomes negative. Since that cannot happen in reality, the
western boundary current must separate from the coast and move eastward to
a longitude where the trartsport in the interior is sufficiently reduced so that
the net transport can be carried by the (now-separated) western boundary layer
with a surfaced thermocline. In the process of the calculation, the transport
in the boundary current, the loss of water to the interior, and the path of the
separated boundary current are deduced .
. Normally, a linear analysis of currents driven by zonally uniform zonal
wind stress (Stommel 1948, Munk 1950) gives rise to oceanic gyres in zonal
bands. The present treatment yields such a behavior in the tropics. However,
the w~rm intense western boundary currents contained in the subtropical anticyclomc gyres penetrate through the "normal" zonal boundaries determined
by the wind stress. As a result, less dense water is transported to the eastern
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Figure r. Geometry of idealized world basin, made up of parallels of latitude and longitude, with
average areas of ocean basins and latitudinal limits of boundaries preserved, but with most
of the boundary irregularities neglected. Latitude and longitude marked off w ith equal
uni ts, so the mapping of the spherical surface of the earth is not conformal.

polar regions of those basins with eastern boundaries that extend far enough
poleward (North Atlantic, North and South Pacific). Thus, the Norwegian,
Alaska, and Cape Horn currents are required as essential elements in our
analysis. Furthermore, it is demonstrated that these boundary currents are important in determining the path that the western boundary currents follow
after separating from the coast. Because of this separation, dense lower-layer
water extends from the bottom to the surface in the western polar regions of
all of the oceanic basins.
The analysis for the Indian Ocean requires the existence of an intense westward current in the Great Australian Bight. The transport of this current
(recently named the Flinders Current; see Bye 1968) is 70% of that of the
Gulf Stream (as calculated here) and must play a major role in the water properties and transport balances of the South Indian Ocean. The onshore > thermocline of the Agulhas Current on the western side of the South Indian Ocean
is required to surface near the tip of South Africa and the Agulhas separates
from the coast. A s a res ult, most of the transport of the Agulhas Current reenters the South Indian Ocean as the Return Agulhas Current-another
feature required by the calculation.
From this analysis, it is concluded that the Agulhas Current should separate
from the East African Coast farther to the north when the wind-stress curl is
stronger; the Return A gulhas Current should then be most intense. With a
weaker wind-stress curl, the Agulhas should hug the coast and might be able
to round the Cape of G ood H ope and supply the South Atla ntic with large
inputs of warmer Indian O cean water. The transient winds of the Indi an
Ocean may thus generate peri odic "leaks" of Indian O cean water into the
South Atlantic.
2 . In this paper the terms uonshore" and "offshore" refer, res pectively, to valu es at a bou ndary and
at the offshore si de of a boundary layer.
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In the South Atlantic Ocean, the Benguela Current is shown to exist
because of the required adjustment of the thermocline from the large depth
just north of the tip of South Africa to the shallow depth immediately to the
south. In the linear analysis of this study, the Benguela Current must flow
westward from the eastern boundary layer to reinforce the Brazil Current. As
a result, the transport in the Brazil Current is deduced to be larger than has
been observed.
The transport stream function in the western polar regions of the oceans
can be easily calculated by using the Sverdrup transport balance in the interior
and by then determining the required equatorward transport along the curves
that separate the upper- and lower-layer waters. In the North Pacific, the
derived circulation includes a region just north of the separated Kuroshio;
this region can be identified with the northern branch of the Kuroshio Extension. A similar result is obtained for the North Atlantic, but it is pointed out
that the particular geometry of this ocean should inhibit the formation of a
cold branch of the Gulf Stream. The latter, if it exists, should be substantially
less identifiable than the cold branch of the Kuroshio, because the eastward
protrusion of Newfoundland inhibits the Labrador Current from penetrating
southward and diluting the warm Gulf Stream water. A northern branch of
the Gulf Stream, comparable to that of the Kuroshio, can exist east of the
Grand Banks. The Laborador and Oyashio current systems are straightforward products of the model.
The Southern Ocean is defined as the lower-layer water that inhabits the
entire southern hemispheric ocean south of the curve where the thermocline
surfaces. The solution for this ocean is best represented in terms of the transport
stream function. The Subtropical Convergence is identified as the meeting
region of cold water with mixed water to the north. The Antarctic Convergence appears here as a "boundary" jet in the open ocean, required by the
geometry of the model. It supplies the transport to the Sverdrup interior on
either side of the latitude at the tip of South America (57.5°S). The solution
in this region should not be qualitatively different from the one that Stommel
(1957b) presented for the same region. However, quantitative transport
balances are provided throughout.
After the analytical results and their implications have been presented,
there is a brief discussion of the different types of eastern boundary currents.
The function served by the Norwegian, Alaska, and Cape Horn currents is
different from that of the other boundary streams. Their effect on the climate
of the downwind land areas has long been recognized. We point out here that
the part played by them in general ocean circulation is also significant. If that is
true, there is much reason to study these currents to determine the detailed
dynamics and the important physical processes that govern their behavior.
The Flinders Current, with its large westward transport, must exercise a
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strong control on the water properties of the eastern South Indian Ocean .
We need more observations of this "eastern" current and a much better picture
of the detailed flow pattern as the water leaves the Great Australian Bight
and enters the Indian Ocean.
Although all of the familiar western boundary currents serve the same
general functi on of providing a return path for the interior flow, they also differ from each other in very important ways. It is suggested here that these
differences are, to a large extent, determined by the boundary structure on the
western sides of the oceans, not so much because of the guiding of the currents
by the boundaries but because of the adjacent waters that are made accessible
for mixing.
The Kuroshio meets the Oyashio head on, and the concomitant violent
mixing is reflected in the northern branch of the Kuroshio. The Gulf Stream
is shielded from the Laborador Current by the intervening land boundary. It
is the only one of the subtropical western boundary currents that is prevented
from meeting subpolar water as it separates from the coast. That is probably
why it is warmer than the other western boundary currents at the point of
separation. The Agulhas has no guiding western boundary at its point of separation; its path is determined more by fluid dynamic processes in the open ocean
(with topographic influence) than is that of any of the other currents. The
East Australian Current flows into a semienclosed region. The New Zealand
Current begins at a latitude where most other western boundary currents
separate.3 The Brazil Current is unusual in that its transport is less than would
be expected from this analysis. If inertial processes are important in the dynamics of the Benguela Current [there is some indication of this in Defant's (1936)
analysis], the South Atlantic may be divided into two sub-basins by the Benguela, and less of the interior may be involved in the anticyclonic gyre that
is closed by the Brazil Current. This could reduce the Brazil transport significantly.
Finally, we discuss the classification of convergences. From this analysis it
appears that the Antarctic Convergence is unique and that the Arctic Convergences in the North Atlantic and Pacific serve the same function that the
Subtropical Convergence does in the southern hemisphere.
Apart from the detailed calculations presented in the following sections, this
study suggests that certain apparently local phenomena are really an integral
part of the overall circulation. For example, upwelling in eastern boundary
areas is probably possible only because the areas are first primed by the general
circulation. Also, the separation of western boundary currents from the coasts
is influenced by distant eastern boundary currents, and any attempt to account
3. In fact, I am not even sure that the current off the east coast of New Z ealand is a recognized
western boundary current. It certainly emerges as one from the present analysis, and the water properties
in the vicinity of New Zealand ind icate the existence of strong cu rrents.
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for the separation on the basis of local processes can provide only part of the
picture.
H owever, whatever novel features this study contains, my real hope is that
it will provide a better framework on which to build a more complete theory
of the general circulation. In this connection, it certainly raises more questions
than it answers. However, the questions raised are more directly focused by
the integral framework of the analysis.
2. The Physical Model and its Mathematical Formulation. A . THE lnEALIZED
WORLD OcEAN BASIN. The boundaries of the individual ocean basins in the
idealized model are segments of parallels of longitude or latitude, as shown in
Fig. 1. The areas of the basins are approximately preserved in the idealization,
but most of the detailed boundary structure is lost. Certain features, such as
the longitudinal extents of the Cape of Good Hope and Cape Horn, are exaggerated. Other features, such as the east-west orientation of the coast of
Africa from Guinea to Nigeria and the protrusion of India into the Indian
Ocean, are lost. Those aspects of the ocean circulation that are directly
associated with the exaggerated or neglected boundary features will be unrealistic. For example, the currents in the tropical regions appear to be influenced by boundary irregularities. (Indeed, the existence of the Guinea
Current depends on the east-west orientation of the West African Coast
just north of the equator.) Obviously, we cannot expect to reproduce those
characteristics of the circulation that are dependent on the detailed boundary
features .
On the other hand, certain boundary features are of great importance for
the overall circulation. The most significant of these is the latitudinal limits of
the north-south coastlines, because the presence of longi tudinal boundaries is
necessary for westward intensification of ocean currents. Thus, the southern
tip of South America is located at 57.5°S, which is the latitude of the 100-m
depth curve there. Since New Z ealand serves as the main barrier to zonal fl.ow
in the western South Pacific, the island is included as a "boundary" line running
from 49°S to 35°S. T asmania is taken as part of the Australian continent (the
Bass Strait being too shallow to be included as "ocean"), and its southern tip
is at 45 °S. It serves to separate the Indian Ocean from the Pacific. The
so uthernmost boundary dividing the Indian Ocean and the Atlantic is, of
course, at the tip of Africa, at 36°S. The island of Madagascar, on the other
hand, is not included as a feature, even though its latitudinal range is equal to
that ofN ~w Zealand. The reason is that it does not serve as a boundary between
ocean basins. The so uthern coast of A ustralia is taken to extend over a 28°
range along 36°S. And finally, the barrier extending northward from Antarctica to 57 .5°S at 50°W represents the effect of the Antarctic Peninsula plus
the South Shetland-South Sandwich Island chain.
Although one could modi fy some of the details of the ideali zed basin most
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of the gross features that appear to be significant for the
general circulation as determined by the present analysis
have been included.
B. THE WIND STRESS. Hellerman ( I 967) has presented
wind-stress values at five degree intervals in both longitude
and latitude over almost the
entire world ocean. For present purposes, it suffices to use
zonal wind stresses determined
by averaging the observed values over the longitudinal range
for each ocean basin.
The zonally averaged zonal
wind stresses are shown in
Figs. 2, I 1, and 17 for the
Pacific, Indian, and Atlantic
oceans, respectively. The values obtained from the observations are indicated by the open
circles at five-degree intervals.
The solid curve in each case
is obtained from a polynomial
curve whose coefficients are
determined by minimizing the
squared error from the observed
points. Since the analysis requires the wind-stress curl at
closer intervals than can pos-
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Observed values of zonally averaged zonal wind
stress per unit mass, ,, for the Pacific; open
circles. Results from the least-squares polynomial ap proximation: solid curve, -,; in units of
cm• sec-• ; dashed curve, k · 'ii xT in units of
10-Bcm sec-•; dotted curve, 8 (k · 'iJ x T) /8<p
in units of 10-1 cm sec-•.

sibly be obtained from the observed values, the curl (shown
by a dashed curve in each figure) has been determined from derivatives of
the approximating curve. The north-south derivative of the curl of the wind
stress, also necessary for the calculations that follow, is plotted as the dashdot curve in each case.
The first and second derivatives of the wind stress are required for the
analysis that follows. It is unfortunate that these quantities must be derived
from such a crude distribution of observed points. Even more unfortunate is
the fact that a relatively detailed structure of the derivatives is needed. The
polynomial approximation to the wind stress suffices to give a good qualitative
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picture of the interpolated distribution, but one has to be a real optimist to look
.
.
.
for quantitative precision.
T oward the end of the calculations reported m this paper, I tned the alternative procedure of approximating the wind stress with quintic splines and
appropriately distributed knots to preserve more of the structure. That approach seemed to be preferable to the single polynomial approximation used in
these calculations. However, the qualitative structure was left unchanged except in two regions where the observed wind stresses indicate the presence of
local reversals of the curl of the stress.
In the present paper, a I 6-degree polynomial was used to approximate the
zonally averaged zonal wind stresses in the Pacific and Atlantic oceans. A
12-degree polynomial was used for the Indian Ocean, although in this case
an indicated (small) reversal of the curl of the wind stress just south of the
equator was smoothed over.
C. Two-LAYER REPRESENTATION OF STRATIFICATION. The density stratification plays a critical role in the analysis that follows. In the present simplified calculation, the density stratification is idealized in terms of two homogeneous layers. Although such a simplification is not uncommon in theoretical
oceanographic studies, a few comments about its use in the present context
follow.
First, our analysis applies to the world ocean. Even though it is possible to
identify the thermocline with a two-layer interface reasonably well for a limited
region, a similar identification for the world ocean cannot be made. The density of the abyssal ocean varies not only from the Atlantic to the Indian to the
Pacific but from the northern to the southern sub-basin of each ocean as well
(Montgomery 1958, Reid 1961). Second, even within each sub-basin the
identificati on of the upper layer is not clear. For example, the advection of
warm surface water into the anticyclonic gyres in the western temperate zones
of each ocean gives rise to a locally deep layer of light water. The equatorward
advection of subpolar water along the eastern sides of the different basins leads
to a relatively dense upper layer. Needless to say, it is not possible to identify
a homogenous upper layer unambiguously by means of a single density surface
even within a sub-basin, not to mention the world ocean.
N evertheless, since we want to compare the results of the present calculation
with observation, it is necessary to identify the thermocline with some density
surface. The identification is crude. For example, in the Pacific the thermodine is taken to be just above the 100 cl r 1 (a0 = 27.07) surface. A somewhat
smaller value of a0 would be preferable for the North Pacific because the surface layers are relatively light. However, the present choice is dictated by the
str~cture of the surfaces in the South Pacific. Figs. 3 and 4 (reproduced from
Reid's 196 5 atlas) show the qualitative differences between the distributions
of the_ 80 cl t-, and 125 cl ~- 1 surfaces. The latter surface is much more representative of surface waters 1n the South Pacific; therefore a larger value of a0
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is suggested for the thermocline. Similar considerations obtai n for the A tlantic
and Indian oceans.
It is important to interpret " upper" and " lower" layer appropriately fo r the
two-layer model. The upper layer includes all water above the thermocline so
that, if there is a vertical circulation completely contained within the layer,
it would not show up in a transport calculation fo r the upper layer.
D . THE D YNAMICS O F THE I NTERIOR O cEAN. Outside of boundary layers,
the only modification to geostrophic-hydrostatic balance is the vertical transfer
of horizontal stress. Thus, the fl ow is determined by the following equations
(in spherical coordinates) :

a.1
- fv = - eacos cp aA + 7[;; '
r

ap

(I)

Ju = _ _!__ ap + arP
eaacp az '
ap

az = -

ge,

(3)

aw

au a
f)

(2)

A + a<p ( v cos <p) + a cos <p f) 'Z =

0,

(4)

where). is longitude, cp is latitude, and z is positive upward; the corresponding
velocity components are u, v , w; eastward stress is denoted by .;. and northward stress by rP; f = 2Q sin cp is the Coriolis parameter; and a is the radius
of the earth.
For the two-layer system, the heights z = o, z = h2, and z = hr correspond,
respectively, to the (level) bottom, the thermocline, and the top surface. The
thickness of the upper layer is gi ven by

(5)
The hydrostatic equation together with the assumption of constant atmospheric pressure gives the pressure gradi ents in the two layers in terms of the
height variations as
I

- 'v P, = g'v h, '

(6)

-I 'v P2 = g [LJe
- 'v h2 + -e, 'v h, ] ,

(7)

e,

e2

e2

e2

where Lie is e2- e, and I:::,. corresponds to horizontal gradi ent.
The fl ow is driven by a zonal wind stress only. H ence, the boundary conditions at the top surface are
-,;<P =

o,

(8)
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Fi gure 3. D epth in hectometers of surface in P acific, where potential specific-volume anomaly is
12 5 cl t- 1 • R eproduced from R eid 1965 : fig . 17.

where -r is the zonally averaged zonal wind stress per unit mass. W e assume
that there is no transfer of stress at the interface so that
at

z = hz.

(9)

Eqs. (1) to (4) can be vertically integrated over the depth of each layer.
Si nce the stress is nonzero at only the top surface, there is no momentum transfer to the bottom layer except in those regions where upper-layer water is
absent. H ence, where upper-layer water exists, the lower layer is quiescent.
Thus, from (7 )

(ro)
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F igu re 4 . Depth in hectometers of surface in Pacific, w here potential specific-volume anomaly is
80 cl r- 1 . R eproduced from R eid 1965 : fi g. 22 .

and use of (5) leads to

(11)
Vertical integrati on over the upper layer then yields the transport equations

-fV

g'

o (h + -r,
2
2

)

= - a cos <p oJ..

JU = - ;; o<p (h2
g' 0

au a

a;.. + ocp

2
)

'

wcos cp) = o ,

(12)
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where

f

h,

V=

Vr

dz

and

g1 == gt'Je/e2•

h,

The system (12) to (14) is sometime~ referre~ to as the reduced-g:avity
system, since g' replaces the normal gravity term m a homogeneous fluid.
If no upper-layer water is present, i.e., if the lower layer extends to the
surface, eqs. (12) to (14), with g 1 replaced by g, determine the transports in
the lower layer. For this case,
V

J:

=

1

v 2 dz

and

h

=

h1 •

Elimination of h2 by cross differentiating (12) and (13) and use of (14)
yield the familiar Sverdrup ( 194 7) meridional transport relation
I
0
(Jf7 = k·VXT == - - - - (-rcos<p) .
a cos <p o<p

Eq. ( 12) can now be solved for h2 by substituting the value of /7 from ( 1 5).
Thus, we derive

o

(h')

= -a [ a sin <pk· V x-r: + -r cos <p],

f) ,l 2

g'

and since the right-hand side is independent of ,l, we can integrate (16) to
obtain
h2 = h; -

2

g

~ [asin <pk·Vx-r + -rcos<p](,le- ,l),

where he is the value of h at ,l = Ae, a longitude near the eastern boundary.
Eq. (17) immediately yields some interesting information. The terms in the
square bracket are generally positive in the subpolar regions of the oceans. In
these regions, therefore, we may expect the thermocline to become shallower
westward of the eastern boundary and even to surface at some longitude.
Substituting observed values for he and -r in ( 1 7) yields the result that the
thermocline surfaces in the western parts of all of the subpolar oceans. Since
the thermocline fo rms the boundary between warm- and cold-water masses and
since all intense western boundary currents are identified with this boundary,
we can immediately conclude that the western boundary currents must separate
from the coasts. However, we have considered only simple interior dynamics
so far. Boundary layers and boundary conditions modify the foregoing conclusion substantially. H ence, we proceed with the development of the model.
E . E ASTERN BOUNDARY CON DITIONS. In parameterizing the density stratification by means of a two-layer model, we have left two questions un-
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answered: (i) how intense is the relative heating of surface waters ? and (ii) is
the ocean heated at the equator or at the poles ? In terms of the two-layer
system, these questions are: (i) on the average, how thi ck is the upper layer?
and (ii) on the average, does the interface rise toward the equator or toward
the poles?
The usual proced ure is to supply a constan t value fo r h along the eastern
boundary. A suitable choice leads to an average value of h over an ocean basin
that agrees with the mean thermocli ne depth. W e know, too, that the wind
stress then determines latitudinal variations in h that qualitatively agree with
observed variations, at least in basins of limited latitudinal extent. For the
moment we shall proceed in the usual fas hi on and shall derive a fa miliar expression that will serve a more extended purpose.
If the value fo r // given by (15) is substituted into (14), we obtain
dU
a iJ
- = - - - (k·'vx-r).
i) }.
2Q iJ<p

If the dynami cal balance described by (12) to (14) is valid up to the eastern
wall (where A = Aew and Uew = o), we can integrate (18) eastward from the
wall to obtain

Thus, the di rection of the zonal fl.ow is determined by the sign of the derivative
of the curl of the wind stress with latitude. The latter quantity is plotted in
Fig. 2 fo r the Pacific. Observe that in the N orth Pacific it is positive from 27 °N
to 50°N. H ence, if the fl. ow is quasigeostrophic right up to the eastern wall,
the zonal fl. ow is directed eastward in that range of latitudes. From 6°N to
27°N the sign of iJ(k · 'v xT)/iJ<p is negative and the foregoing argument implies
westward fl. ow. Since the zonal fl. ow is geostrophic, eastward (westward) fl.ow
requi res that the interface rise toward the pole (equator). In the southern hemisphere, similar conditions obtain.
The foregoing argument suggests that the latitudinal band of decreasing
thermocline depth poleward be identified with positive values of 8 (k · 'v xT) /iJrp.
W e shall make general use of th is relationship, although we shall relax the
conditions at the eastern wall.
As we have seen, usi ng geostrophic balance and a constant value of h for
the eastern wall can account fo r the qualitative variation in the observed thermocline by an argument based on wind stress alone. H owever, the quantitative
determination is another question. The observed wind stress is simply not
intense enough to yield the magnitude of the change in h near the eastern
boundary.
The assertion here is that this magnitude is related to horizontal advection
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of waters of different density in the ocean. Thus, in the anticyclonic gyre containing the Kuroshio, the eastward fl ow toward North America takes place
at a latitude where the waters are cooled, and the water arrives at the eastern
boundary with a thermal deficit, making the thermocline shallower than it
would be for a two-layer system with truly uniform layers. Since we wish to
compare our results with observation, we must include information equivalent
to the thermal deficit mentioned above. Hence, we shall choose he, the thermocline depth at Ae near the eastern boundary, to be given at two latitudes
(27 °N and 50°N for the Pacific). These given data represent a quantitative
measure of the intensity and direction of the heating and cooling processes in
the ocean. 4
To determine the depth, he, we proceed as follows for the North Pacific.
Integrate (13) from 27°N to 50°N to obtain

f.,o
50

h;(50°)-h;(27°) =

g

/Ueadcp.

(20)

We make use of our earlier argument that leads to ( 19) and set the eastward
transport, Ue, proportional to 8 (k · 'v x-r)/ocp by taking

The constant of proportionality, v, can be determined by substituting (21)
into (20),

I fIa
50°

'JI= - [h! (50°) - h~ (27 °)] 2,

""f,

g

27 0

u<p

(k · 'v XT) dcp,

(22)

since all terms on the right-hand side are known. With this value of v, we can
now substitute (21) into (13) and integrate from 27°N northward to obtain
l
l
O
( 2 'JI
he= he(27 )-,1

lg

f,,o
<p

If}

'

.

.

.

f a(k · 'vXT)dcp .
<p

(23)

Hence, h~ is determined from 27°N to 50°N.
A similar argument is used to obtain the distribution of he southward of 27°N .
As we shall see shortly, the amount of water Rowing eastward from 27°N to
40°N must Row southward in an eastern-boundary layer. This amount of
water must eventually Row out of the eastern region into the interior ocean.
On the basis of the analysis of the following sectio n, we require that the Row
4 . Relaxing the condition of constant h at the eastern wall in a geostrophic calculation is evidently
not easy to accep_t. Most peop!e_react as if I have betrayed an old friend . However, if we append a boundary_layer and sa~1 sfy the ':°n_d1t10n ?f zero normal _transport at_the wall (which we shall), our procedure
satisfi es all physica lly rea listic cond1t1ons . I n fac t , 1t does so with only two given values of h rather than
with a continuous set of valu es .
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return to the interior between 27 °N and 13°N [fJ (k • "v x-c)/ocp is negative in
this range]. Then the total transport of water that must flow westward from
13°N to 27 °N is given by the integral of (21) from 27 °N to 40°N, i. e.,

where vis known from (22).
In the region from 13°N to 27 °N, we again relate the zonal flux to
f) (k · "v x-c)/ocp by writing

where y is as yet undetermined. Now integrate (25) from 13°N to 27 °N to
obtain

The left-hand si de of (26) is equal to the negative of the corresponding value
given by (24); i.e., the total westward flow between 13°N and 27°N is equal
to the eastward transport between 27 °N and 40°N. Hence, y is determined by
(26). Now, substitution of (25) into (13) and integration from cp (> 13°N) to
27°N yield
2 1°
a
2
J (k·"vx-c)dcp.
(27)
h! =h~(27°) + ;

g

J
cp

8cp

Thus, he is determined from I 3°N to 27 °N. The remaining latitudinal range
will be considered later.
A similar argument for the determination of he can be applied to the South
Pacific and to the North Atlantic. The South Atlantic and the Indian Ocean
require different treatment.
It should be observed that he as determined here is evaluated somewhat
offshore of the eastern boundary. Obviously, it is not possible to have a varying
he at a solid boundary since the zonal flow is geostrophic. Hence, a boundary
layer on the eastern side is required.
F. EASTERN B ouN DARY LAYER. The determination of he as outlined above
requires a zonal fl ow past the longitude, Ae, where he is known. Since the oceans
are bounded eastward of Ae, the incoming flow must be diverted to the north
or to the south in the boundary layer between Ae and the actual eastern wall
(where }. = Aew)- In the present treatment, it suffices to take this boundary
layer as infinitesimally thin and to require only the following conditions:
(i) the zonal transport at Ae must match the interior zonal transport;
(ii) the zonal transport at Aew must vanish; and
(iii) the meridional transport is geostrophically balanced.
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The first two conditions require that the interior zonal flow be absorbed
into the boundary layer and be diverted to the no~th or so~th. The thir~ condition, together with the first, enables us to determme hew ; 1.e., h at Aew m terms
of he. Observe that the dynamics in the eastern boundary layer are not completely
specified. Our analysis is based on transport considerations only. The momentum
balance in the zonal direction is left unspecified.
Now consider the portion of the eastern boundary layer between latitudes
((Js at the south and ((Jn at the north . The total incoming transport past Ae
between ((Js and ((Jn is

Ue = f<pn aUedcp.

<p5

Now multiply (14) by a and integrate across the boundary layer from Ae to
Aew, where Ue vanishes, to get

where

is the meridional transport in the eastern boundary layer. Integration of (29)
from cp 8 to ((Jn (with corresponding subscripts for Te) yields

Furthermore, using (21) for Ue (note that v will be replaced by y for Ue <o),
we can rewrite (31) as

The left-hand side of (32) involves two unknowns: Ten and Tes· We use
the following reasoning to evaluate one of these terms. The sign of k · 'v XT
determines the direction of the meridional transport in the interior. We shall
require that the direction of the meridional flow in the eastern boundary layer
also be determined by the sign of k · 'v xT. Such a relationship is, in fact, suggested by (32). The requirement has the appeal of preserving the sign of the
vorticity of the overall fl ow.
NOW' throughout a latitudinal band of eastward flow at A = Ae, a (k . 'v XT) /acp
must be positive. The wind-stress curl vanishes at some latitude and has
positive values on one side of this latitude and negative values on the other.
Hence, by the argument of the previous paragraph, we expect the incoming
flow to divide as it enters the boundary layer.
In the case of the North Pacific, k · 'v XT is negative between 27°N and
40°N and positive between 40°N and 50°N. H ence, the incoming flow between
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27°N and 40°N is diverted southward and that between 40°N and 50°N is
diverted northward. By the same reasoni ng, the region of outgoing Row
between I 3°N and 20°N is associated with southward transport and that
between 6°N and I 3°N with northward transport.5
If we choose <p 8 in (32) as a latitude where k · V xi- vanishes, then T es will
also vanish and (32) can be used to determine T en (note that <pn can be any
rp > rp 8 ) in the remainder of the particular range being considered. If k · V xivanishes at <pn, the procedure is equivalent.
Finally, geostrophic balance in the eastern boundary layer is given by ( 1 2)
without the r term, and this equation can be multiplied by 2a cos cp/g' and
integrated from Ae to Aew to yield
(33)
so hew is determined once Te is known.
G. THE TROPICAL REGIONS. The reasoning outlined in §§ E and F led to
the determination of he for a restricted range of latitude. For the tropics the
procedure is the same provided we choose a known value of he within the gyre
to the south of 13°N.
If he is chosen for 6°N [where o(k·Vxi-)/ocp vanishes], the total westward
Row between 6°N and 13°N (where he is also known) is determined by (20)
with the appropriate change of limits of integration. The value of 'V is then
determined by the corresponding analogy to (22) and he is evalutated from an
equation similar to (23).
The Row into the eastern boundary layer that is necessary to provide the
westward flow just described must come from the latitudinal range between
6°N and 4 °S, where o (k · V x-r)ocp and k · V xt: are positive. This means that
meridional fl ow in the eastern boundary layer crosses the equator so that only
a portion of the outgoing flow between 6°N and 13°N comes from the region
between the equator and 6°N. Since the total inflow is proportional to the integral of o (k · V xi-)/ocp over the range, the portion north of the equator is given
simply by the ratio of the value of k · V xi: evaluated at the equator to the value
at 6°N. Then Ye, Ue, and he in the range o 0 to 6°N can be evaluated by the
formulae in §§ E and F.
A similar procedure can be applied to the South Pacific. However, the known
values of he lie to the south of 4 °Sand, since Oe (hence Y) between 4 °Sand the
equator is determined by the argument of the last paragraph, the values of he
from 4°S to the equator are determined by (23). In general, the values of he
on the two sides of the equator will not match unless we choose the other
values of he north and south of the equator to effect the equality. However,
we know that the equator is a singular region and that our simple quasigeo5. Munk (1950) has used the same argument to divide the Pacific Ocean into gyres, with boundaries determined by the sign of k · 'ii x T-
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strophic model breaks down there. Hence, we shall not force the matching of
he but shall accept the small difference (less than IO m) that results when we
choose the several required values of he from observed data. We have already
pointed out that our choice of a single density surface to represent h on both
si des of the equator is necessary but that it introduces some quantitative errors.
The decision to accept slightly different values of he on the two sides of the
equator stems from this fact.
H. WESTERN BouNDARY LAYER. It has been demonstrated in a number of
earlier studies (Stommel 1965) that the net meridional Row in the interior of
a basin bounded at the north must return via a western boundary layer. We
extend the argument. Thus, consider an east-west section with meridional transports, T e, in the eastern boundary layer and with Ti in the interior. For mass
continuity it is necessary that the total transport across the section vanish.
Hence, denoting the transport in the western boundary layer by T w , we have

(34)
The sign of each term is positive northward.
By our earlier analysis

T t=

f

Ae

Aw

a•

f/acoscpdA=""(k·Vx-r) LU,
2~.r

(35)

where Aw is the longitude of the western boundary layer and LIA = Ae - Aw.
Te is given by (32) when either cp 6 or cpn corresponds to a latitude where the
meridional transport vanishes. Eq. (34) thus specifies T w in terms of known
quantities.
Just as for the eastern boundary layer, we shall not specify the complete
dynamical balance in the western boundary layer. Again, we take the boundary
layer to be infinitesimally thin and impose three restrictions:
(i) the value of h offshore of the boundary layer matches the interior value
at Aw;
(ii) the zonal Row at the western wall vanishes; and
(iii) the Row along the axis of the boundary layer is geostrophic.
The second condition, along with the assumed infinitesimal width of the
boundary layer, requires that the Row coming into the boundary layer is diverted
along the direction of the axis of the boundary layer in a region that is very
thin compared with oceanic dimensions. The third condition provides a means
for determining the depth of the thermocline at the western wall or in a more
'
general context, at the noninterior side of the boundary layer.
For reasons that will become obvious shortly, we shall write the geostrophic
balance in the western boundary layer as
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where Vs is the flow alo ng the axis of the boundary layer, o/on is the derivative
directed to the right of Vs, and the interior lies to the right of the boundary
layer. (As long as the fl ow hugs a north-south coastline, we have Vs = V and
on = a cos rp ok)
Now integrate (36) from left to right across the boundary layer. From the
right-hand si de of (36) we obtain the difference of h' from right to left. By
condition (i), the value of h' on the right of the boundary layer must match
the interior value, h~, which is given by (17) with A= Aw- Making use of
this fact and (35), we have

h~ = h~ -

g

(fTt+ a-r: cos rpLH).

(37)

Then denoting the integral of the left-hand side of (36) by T w, where

Tw =

f Vsdn,

the integral being taken across the boundary layer, and denoting the value of

h' at the western wall by h::UW, we end up with
(39)
or, using (34), (35), and (37),

h::UW = h~ -

2

(a-r: cos rpiJl-JTe)/g'.

If we use (33) in (40), we have

This last equation is easy to interpret. There is no net meridional flow across
a latitudinal circle. If the flow were completely geostrophic, the heights at the
eastern and western walls would be equal. However, meridional geostrophic
flow is modified by the effect due to Ekman wind drift, and the difference in
heights is determined by this effect. Thus, we have

hww

hew

for

7:

0.

(42)

For tropical and subtropical latitudes, the value of -r: is ei ther negative or
relatively small, and (4 0) or (41) can be used to determine hww • However, in
the temperate zones, -r: is posi tive and large . When -r: is large eno ugh, the effect
of Ekman wind drift in (41) can offset the finite depth of the thermocline at
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the eastern wall. In this case, h:»w, as evaluated by (41), vanishes at some latitude
and becomes negative north of that latitude.
This result, too, can be understood in terms of simple dynamical principles.
The meridional transports in the interior and in the eastern boundary layer
must be balanced by the transport in the western boundary layer. Since the
latter quantity is geostrophic, its magnitude is determined by the difference
between the squares of the depth of the thermocline from the offshore to the
onshore side of the boundary current. Hence, the maximum difference or
maximum transport is achieved when the onshore depth vanishes. If the required transport exceeds this amount, the western boundary current must transport more water than it possibly can under geostrophic balance, and h~w is
required to go negative.
Negative h:»w has no physical meaning, so it is necessary that we adjust
either the analysis or its interpretation to provide physical significance to this
result. One could, of course, relax the geostrophic assumption for the flow
along the axis of the current. However, there is no evidence, observational or
theoretical, to indicate that the flow departs appreciably from geostrophic balance. At first sight it would appear that some additional physical process must
be brought into the analysis, because each of the terms on the right-hand side
of (40) or (41) seems to be well defined and determined. The only quantities
that have emerged from our assumptions up to this point are Te and the associated h;w· However, the development of this section could be carried out
with a constant thermocline depth (hence, vanishing Te) at the eastern boundary and we would still be faced with the present dilemma.
We first note that a, g', 1:, and <p are external parameters, hence there is
nothing that can be done with them. However, LIA is the range oflongitude over
which the wind stress acts on the upper-layer water. We resolve the dilemma
by the following reasoning. From the equator to the latitude at which h~
vanishes, LIA is given by the width of the ocean basin. North of the latitude at
which h:»w vanishes, we set h:»w equal to zero and solve (40) or (41) for Lil.
This will reduce the longitudinal extent of the upper-layer water, and in the
process, the western boundary layer will separate from the coast and penetrate
into the interior. Upper-layer water will still be present on the right-hand side
of the boundary layer. But to the left, lower-layer water will extend up to the
surface. The net result of this procedure is to reduce the amount of upperlayer water transported meridionally by the interior to a value that can be supported by the geostrophically balanced western boundary current.
The analysis up to this point (with the eastern boundary layer omitted)
parallels Parsons' analysis ( 1969) and, to a lesser extent, that of Shaw and
Wyrtki (1972) for separation of a western boundary layer from the coast in an
ocean basin where the wind-stress curl is of one sign. 6 However, if the wind6. _See also Keme_nk_ovitch and Reznik (1972) for a more complete analysis of this problem, which
takes mto account fnct10nal boundary layer dynami cs .
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stress curl changes sign in a region poleward of the separation point, the present
analysis leads to unrealistic results. Additional physical considerations must be
taken into account and, since these also involve the fl ow in the subpolar region,
we now take up the discussion of that region.
I. THE SuBPOLA R RE GION. W e have already used the observed fact that he
decreases in the Paci fic between 40°N and 50°N . H ence, fluid must come into
the eastern boundary layer from the west. F urthermore, k · V x-r vanishes at
40°N, so T i and T e must also. Thus, the only means of supplying upper-layer
water to the region poleward of 40°N is via the separated western boundary
layer. But then we are faced with a problem, because in that region T i , Te,
and T ware all positi ve and the balance given by (34) is not satisfied. We shall
consider that problem in due course, but for the moment we accept the fact
that, with k · 'v x-r increasing, both Tt and T e must diverge northward and the
western boundary layer must supply the necessary transport.
At 50°N, k·V x -r reaches a maximum and then decreases poleward to the
northern boundary. I n this region the meridional transport converges. Therefore, the interior can supply water to either boundary layer. The important
point here is that a western boundary layer is no longer needed to supply upperlayer water to the rest of the region. In addition, since k · 'v x-r is positive, the
thermocline becomes shallower toward the west. Now consider the consequences if the thermocline surfaces.
W e use eq. (17) to determine the longitude As, where the thermocline surfaces. Thus, with h2 = o, we obtain
(43)
The continuity equation in the form (18) can be integrated from As (where U
must vanish since h does) to Ae to give

[(44)
But by (13)
(45)
Equating the right-hand si des of (44) and (45) and substituting for Ae- As from
(43) yield
a sin <pa (k. 'v x-r) /ocp
I ah~
h ! a<p = a sin <p k. 'v X T + 'l' cos <p
Then, integrating from 50°N poleward, we obtain the soluti on for h~ as
h2

-

e -

h2

e (5

o 0 ex

)

P

{frp
50

d}

sincpo(k·'vx-r)/ocp <p ·
-a -----'--'----~~
sin cp k · 'v xi:+ 'l' cos <p

, a

(47)
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With h! known, As can be obtained from (43) and Ue is then given by (44).
Finally, (29) can be integrated to yield T e.
The entire upper-layer solution is thus determined from 50°N to the northern boundary. However, we are now faced with another problem: a finite
amount of fluid impinges on the northern boundary from the south. If the
model had included heating and cooling, this fluid could be cooled and become
lower-layer fluid, but in the present model no such exchange can take place
an d the upper-layer fluid must be conserved. Therefore, the only consistent
procedure is to require that the transport given by Ti+ Te at 57.5°N flow along
the northern boundary of the Pacific westward to the western boundary, turn
southward again, and rejoin the western boundary current at the latitude of separation.
Although this requirement may seem artificial for the real ocean, it is consistent with observations. Observe that Figs. 3 and 4 show such a westward
flow of " upper-layer" water along the southern coast of the Aleutian chain
and that the 125 cl r 1 contours show a penetration of this water all the way
to the western boundary. Gradually, of course, the water is cooled and becomes
lower-layer water, but the observations indicate more than just a tendency toward such a return of upper-layer water. In any event, the return of water as
indicated is the only construction that I have been able to find to satisfy all of
the required conditions of the problem.
The present construction also satisfies our earlier dilemma. Since T w, Tt,
and T e must all be positive between 40°N and 50°N, there must be a southward fl ow of upper-layer water at some longitude. The required southward
flow along the western boundary provides the return flow.
North of the separation point, eq. (34) must be altered to the form

T wb + T w + Ti + Te =

0,

where T wb now corresponds to the southward flow along the western boundary
and T w is the fl ow along the separated western boundary current. Between the
western boundary layer and the separated current, lower-layer water extends
to the surface.
The use of the form (36) for the flow in the western boundary layer now
becomes clear: the current may follow a variable path in the open ocean and is
best described in terms of local coordinates.
The analysis leading to (40) can be repeated, but it is simpler to observe that
we need only replace T e with T wb+ Te in (40) to take into account the added
transport. Then eq. (40) takes the form

h:Vw

=

h!- 2 [a r cos

qJL'.IA. -

/(Te+ T wb)] /g1,

(49)

:-"'here hww now refe_rs to t~e val~e of h at the left side of the boundary current
In the open ocean. Since hWUJ vanishes there and since all other terms are known,
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we can use (49) to solve for LI A(= Ae-Aw)i i.e., for the longitudinal width of
the upper-layer water region extending westward from the east coast. Thus,

LI). = [g1 h~/2 + J(Te + T wb)]/a -r cos cp.

(so)

An analysis exactly paralleling the one for the North Pacific can be used for
the North Atlantic. For the South Pacific the reasoning is similar, but the poleward current along the coast of Chile has no poleward boundary along which
to Row westward. Instead, it circles the H orn, Rows northward along the
eastern side of South America, eastward across the Atlantic and Indian oceans
and finally rejoins the western boundary current of the South Paci fie on the
eastern side of New Zealand. This (literally) circuitous route is again made
necessary because of the absence of heating and cooling in the present model.
However, it does preserve the total amount of upper-layer water for the South
Pacific and is consistent with all of our dynamical requirements.
J. THE REGION OF SEPARATION. Having solved the analytical problem for
the upper layer, we are now faced with the interpretation of the results. In particular, at the separation point, where the southward and northward western
boundary currents meet, the total amount of fluid that must be transported in
the merged boundary current exceeds the amount used to determine the separation lati tude. If the separation latitude is left unchanged, the longitude, Aw,
determined by (50 ), lies some distance eastward of the western wall. Hence, in
this case, the western boundary current in the temperate zone Rows poleward
until it reaches the separati on latitude. H ere, the added transport from the
southward Rowing (warm) western boundary current provides a sudden input
of water, and the argument based on transports requires an abrupt adjustment,
or jump, of the northward Rowing western boundary current to a new longitudinal posi ti on. The jump is accompanied by a substantial loss of fluid to the
interior. If this jump is to be avoided, it is necessary to allow the southward
boundary current to penetrate past the separation latitude to that latitude where
the total transport of the merged currents requires that the thermocline just
surfaces. This procedure determines a new separation latitude, which admits a
continuous increase of Aw- H owever, in this second alternative there is an
abrupt decrease of hww at the new separation latitude. Hence, either procedure
leads to a discontinuity in the vicinity of the appropriate separation latitude.
In the graphs for the particular ocean basins, we have shaded the region where
some discontinuity must exist.
These shaded regions are very significant in the circulation picture. They
correspond to the regions where the observed western boundary currents separate from the coast. In the vicinity of these regions we may expect the boundary current to become unstable and to meander. There will be a substantial
amount of mixing so that the transition from upper- to lower-layer water
becomes much more gradual than in our two-layer system, where the abrupt
density change from (!r to /22 is maintained.
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The presence of discontinuities is not an unexpected feature of the present
analysis. We have not specified the complete dynamics of the boundary layers
nor have we included dissipation in the model. Since the flow is driven, it is
necessary that the momentum and vorticity inputs be balanced by dissipation of
these quantities. The omitted momentum equation can provide some of the
necessary dissipation. The discontinuous regions can provide the remainder in
the sense that all quantities are restored to values consistent with steady-state
dynamics. The detailed mechanics and dynamics of the restoration are missing,
of course, and the final picture that we see must be interpreted only as one that
is consistent with the gross transport requirements and simple quasigeostrophic
dynamics.
K. LowER-LAYER DYNAMICS. Whenever upper-layer water is present, the
flow in the lower layer must vanish, since there is no stress transfer across
the interface. However, we have concluded that there are substantial regions
where there is no upper-layer water, and in these areas the lower-layer
water is directly driven by the wind. The flow is described by eqs. (12) to
(14), with h, replacing h and with U and // corresponding to lower-layer
transports.
The principal quantity of interest where the lower layer is in motion is the
transport. The Sverdrup balance ( 15) is still valid. The continuity equation can
be satisfied by a transport stream function given by

otp
oil = a// cos <p,

otp

ocp =

-aU.

Having determined //by ( 15), we can integrate (51) westward from a longitude,

ilo, to obtain
tp = tp l,i.. -

t.

a cos <p f/dil,

where 1Plil0 can be calculated if il 0 corresponds to a latitude where the thermodine surfaces.
As for the upper layer, a western boundary layer is necessary to return the
interior meridional flow given by ( 15). The location of this boundary layer is
on the western side of the simple basins. In the South Pacific, a "western"
boundary layer is necessary also along the eastern side of New Zealand. South
of 5_7 . 7°S !t exists on the eastern side of the barrier corresponding to the Antarctic Peninsula plus the South Shetland-South Sandwich Island chain.
In the calculations for the lower-layer flow, we have satisfied the simple
dynamics and transport requirements outlined here. No interaction between
up~er- and lower-layer flows has been explicitly considered in those boundary
regions wh~re bot_h are pr_esent. This simplified treatment has been dropped for
the calculat10n with heating and cooling.
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3. North Pacific. For each of the basins we shall first present the results
from our analytical study and then supplement the discussion with likely mod ifications from additional physical considerations. For all of the calculations the
value .de/e2 = 0.001 has been used.
A. CALCULATED RESULTS . Applying
the analysis of § 2 to the idealized
60
North Pacific basin, we can determine
the feat ures of interest for the circu40
lation.
In the Pacific we identify the thermocline with the 110 cl r• surface. Interpolating between the 80 cl t-' and
20
125 cl t- • surfaces, using Reid 's (1965)
charts (Figs. 3 and 4), we choose ap2
4
6
proximate values of he (27 °) = 500 m
0t----~--~--~
(I00m)
and he (50°) = 350 m for the values
requ ired in (20). Then (23), (27), and
(47) yield the distribution of he from
-20
13° northward. Between I 3°N and 6°N
the thermocline depth near the eastern
boundary increases slightly, and we have
-40
chosen the nominal value of 30 m as
characteristic of the increase. (This
choice is somewhat arbi trary and is
- 60
meant only to give the right qualitative
Figure 5. Depth of upper layer, he, near
change of he in the tropical regions.)
eastern boundary and, hew, at the
eas tern wa ll in the Pacific.
Then he between o 0 and 13°N can be
calculated in the manner outlined in
§ 2G. The meridional transport, Te, in the eastern boundary layer and the
thermocline depth, hew , along the eastern wall follow immediately from the
same analysis.
The heights, he and hew , are shown in Fig. 5. The offshore depth, he, vari es
from a minimum value of about 200 m near the northern boundary to the
chosen maximum of 500 m at 27°N. T he general structure of the curve is
realistic and the values are near the observed. The decrease to a minim um in
the tropics and the slight increase to the equator are also realistic, but in the
real ocean the effect of the Equatorial Undercurrent gives rise to additional
structure in the immediate vicinity of the equator.
One feature that should be noted is the continued decrease of he northward
of 50°N . The argument based on the sign of o(k · "v XT) /ocp wou ld indicate outflow from the eastern boundary layer (hence, in creasing he poleward). However, in this northern range, convergence of meridional flow in the interior, together with the absence of a western boundary layer to absorb the converging
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flow, requires eastward flow into the
eastern boundary layer. The structure shown follows from eq. (47).
Since the zonal flow is geostrophic
up to and including the longitude, Ae,
the shape of the curve for he is a good
indicator of the amount of east-west
flow at J. = Ae- At the eastern wall
(J. = Aew) the thermocline depth, hew,
is seen to vary only slightly. The required condition of vanishing normal
transport at the wall has been satisfied
by the transport restrictions (all zonal
flow is diverted meridionally in the
eastern boundary layer), and we see
that the relatively mild variation of
hew with latitude indicates that the
flow is nearly, but not exactly, in
geostrophic balance. Some other process, very likely a mild amount of frictional dissipation, must be invoked to
provide the detailed balance. However, our procedure does not require
the knowledge of this additional phys-60
ical process.
Figure 6. Meridional transpo rt, Te, in easternThe associated meridional transboundary layer in Pacific, in units of
Sverdrups (106 m3 secport, T e, in the eastern boundary
layer is plotted in Fig. 6. In the California Coastal Current, indicated here between I 3°N and 40°N, the maximum
southward transport, slightly exceeding 3 Sverdrups, occurs at 27 °N. The
northward Alaska (coastal) Current starts at 40°N, and its transport increases
to a maximum value of about 7 Sverdrups before it turns westward at 57 .5°N.
A northward-flowing boundary current extends from 4 °S to I 3°N and transports about 5 Sverdrups at 6°N, its point of maximum intensity. The magnitude of this latter transport is associated with our nominal choice of 30 m for
the increase in he between I 3°N and 6°N and will be changed by a more
precise estimate of the depth increase. However, the existence of the current
is clearly indicated by the analysis.
With he known, it is possible to determine h throughout the interior as well
as the western edge or limit of the upper-layer water. For the subpolar region,
this limit is evaluated as As from (43) and south of 50°N it is given by Aw, using
(50). If the southward-moving western boundary current from the subpolar
region is allowed to penetrate to its southernmost limit (which turns out to be

60
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Figure 7. Depth of thermocline in h ectometers fo r the idealized Pacifi c Ocean. Thermocline surfaces
along solid curve marked o . Dashed curves nea r boundaries and near I, = o curve indicate
bounda ry layers. New Zealand, appearing as the barrier in the sou thwes tern ocean, is su rrounded by boundary layers. Trend of co ntour lines as they en ter the boundary layers is
indicated. Stippled regions contain only lower-layer water. Shading shows regions where
a jump in depth may occur.

29°N for the orth Pacific) before the merged western boundary current
separates, Aw grows continuously from its value of zero. If the alternative jumpproducing procedure is adopted, the value Aw changes abruptly from zero to
81 ° at 35°N.
The distribution of his shown in Fig. 7. The shaded region between 29°N
and 35°N is where the solution exhibits the ambiguity associated with the
choice of Aw, There is no possibility of referring to observations to determine
the "real" separation point for the model (in the real ocean the southwardmoving western boundary current is cooled and becomes subthermocline water
before it joins the Kuroshio), but a time-dependent calculation should exhibit
an instability and meandering near the northern separation point (35 °N).
The longi tudinal position of the western boundary current can be seen in
Fig. 7. Measured from the western boundary, the limiting longitude extends
from 81° at 35°N to 101 ° at 50°N. From 50°N to the northern boundary there
is no western boundary current, but upper-layer water is restricted to a 9° band
on the eastern side. In this region the layer can be identified with what is normally termed the Alaska Current.
On the western side of the ocean, the value of h changes from its value just
offshore of the boundary layer to the value hww given by (40). From the separa-
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tion latitude to 50°N, the value hw is
zero. N orthward of 50°N, h decreases
continuously westward until it vanishes
at AsThe distribution of h shows a maxi401----mum depth of nearly l km at 26°N .
Reid 's (1965) fig. l I indicates a maximum depth for the 1 Io cl r I surface,
20
slightly exceeding 800 m at 27 °N.
Hence, the present two-layer model
overestimates the thermocline depth.
4
12
8
0L------L--l(:__-..L...----'
Otherwise, the general structure agrees
(I00m)
with the observed.
Although we have not shown h
along
the northern boundary, it must
-20
have an onshore value that allows a
westward transport of upper-layer
water along this boundary. A deeper
-40
onshore thermocline along the eastern
boundary north of 40°N is shown in
Fi g. 6 and is consistent with observation.
-60
The thermocline thickness, hww, at
Figu re 8. Depth of thermocline near western
the western wall and the corresponding
boundary, hw, and at the western
wall, hww, as functions of latitude.
value, hw, in the interior just offshore
Pacific profile. Thermocline su rfaces
c
f the western boundary layer are
at w all at 35° N and at 4 2° S. The
curve, hw, poleward of these latitudes
plotted in Fig. 8. Contrast these disrepresents the valu e that interior thertributions with those near the eastern
mocline thickness wou ld have if it
boundary. As with he, the offshore
were extended to western boundary.
value, hw, reflects the zonal transport
into the boundary layer. The enormously increased transports on the western
side of the ocean are evident from the large gradients of hw. The values at the
western wall, hww , range from a maximum value of nearly 650 m to zero.
H ence, in contrast to the si tuation at Aew, the thermocline depth on the western
wall does not reflect a nearly geostrophic balance. The transport restrictions
once again require that the zonal flow into the boundary layer be diverted
meridionally so that U must vanish at the wall. The extreme variation of hww
thus implies that the departure from geostrophy is significant. Ever since Stommel's (1948) westward-intensification paper, it has been clear that friction
and/or inertial processes must be important in the zonal-flow balance near
the western boundary. The present demonstration reinforces this fact in terms
of overall transport requirements, but it has the added appeal of indicating in
a simple fashion that the departure from geostrophy increases as the separation
latitude is approached.

60
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Fig. 8 also shows the value of hw up
60
to the latitude at which it vanishes.
Even though hw, as such, is meaning( .......
less once separation occurs, the value
is included to show the dramatic effect
of the boundary current.
In Fig. 9 the meridi onal transport
in the western boundary layer, T w, is
graphed as a function of latitude. The
maximum value of nearly 60 Sverdrups is a bit lower than the estimate
-6
6
of65 given in Sverdrup et al. (1942).
The larger-than-observed thermocline
depth mentioned above can be reconciled with the smaller transport given
here by noting that in the real ocean
there is a transport of warm surface
water into this region so that a dynamic
calculation should give a higher shear,
hence higher velocities relative to the
level of no motion.
-60
The separation of the Kuroshio
Figure
9.
Meridional
transport, T w, in the
from the coast is associated with subwestern boundary layer showing the
stantial southward flow of warm water
Kuroshio and East Australian transports up to the latitude of separation.
out of the meander region. In this
Arrows indicate drop in transpo rt
calculation (see Fig. 9), only I 7 Sverassociated with the separation of
drups are being transported by what
western boundary curren t from the
coast and its ult imate stabilization at
is left of the Kuroshio after the jump
a new longitude. Dashed curve in
at 35°N. The bulk of fluid leaves the
north refers to trans port of cold water
boundary current, either continuously
in stippled region of Fig. 7.
as the current hugs the coast or via
the meandering associated with the jump. Of the remaining 17 Sverdrups,
about 8 eventually make up the Alaska Current (the coastal current including
7 and the interior containing I), less than 2 are absorbed into the California
Coastal Current, and the remainder contribute to the interior southward flow
on the eastern side of the Paci fie.
The distribution of the transport stream function, shown in Fig. 1o for the
idealized Pacific, bears some resemblence to the one shown in Sverdrup et al.
(1942: fig. 205) in the large anticyclonic gyre including the Kuroshio. The
build- up of the Kuroshio and the subsequent peeling off of transport lines determined from observed data are reproduced fairly well by the calculation.
Included in Fig. IO are the transport contours for the lower-layer water that
surfaces in the northwestern Pacific. The cold anticyclonic gyre just north of
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Contours of transport streamfunction in Pacific, showing different gyres associated with
wind stress. Boundary cu rrents shown by dark arrows for upper-layer water and by light
arrows for lower-layer water. Latitudinal ranges of familiar boundary currents (California,
Peru, Kuroshio, etc.) can be seen. Along the separated Kuroshio, the warm and cold
currents flow in opposite directions. The Alaska and Cape Horn currents shown in right
upper and right lower regions, respectively. The Cape Horn turns eastward into the South
Atlantic. Solid dots in eastern polar regions mark termination of western-boundary currents. Contours in units of 5.8 Sv in the North Pacific, 6.4 Sv in the South Pacific.

the separated Kuroshio corresponds to Sverdrup's northern branch of the eastward-flowing Kuroshio. It shows up here as cold water, but in a more realistic
calculation, with mixing of the two layers, it would contain water of intermediate density, as does the observed one. The northern boundary of this
northern branch corresponds to the Arctic convergence in the North Pacific.
Note that cold westward boundary currents are required at the northern
boundary of the ocean and along the northern edge of the Kuroshio. The latter
can be expected to interact with the eastward- flowing overlying upper layer
and possibly to generate a baroclinic instability leading to an eddy structure in
the region. Hence, the mean steady picture exhibited for this area should be
interpreted as an estimate of average conditions rather than as a point-by-point
description of the flow.
The Oyashio Current appears here as the southward-flowing boundary current on the western edge of the cold cyclonic eddy in the northwest. The southward transport associated with the Oyashio is plotted in Fig. 9 as the dashed
curve north of 40°N. It has a maximum amplitude comparable to that of the
Kuroshi o. South of 40°N, the dashed curve shows the northward boundary-
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layer transport fo r Sverdrup's northern branch of the Kuroshio, mentioned
above.
The westward fl.ow north of the tropics in the North Pacific has a transport
comparable to Sverdrup's observed estimate, but the calculated current covers
a somewhat broader range of latitude. The North Equatorial Countercurrent
in this calculation must be identified as the much broader region of eastward
Row south of 6°N . However, add itional considerations suggest a modification
here, as we shall see. The Equatorial Undercurrent does not emerge from the
calculation, because we have only considered quasigeostrophic motions in the
interior. The singular region in the immediate vicini ty of the equator must be
treated separately to bring out the characteristic behavior of the Undercurrent.
A significant feature that emerges from the present calculation is the qualitative difference in the manner in which the interior fl.ow joins the western
and eastern boundary layers. On the west, the incoming fl.ow joins the boundary current very abruptly so that the distinction between the interior and
boundary layer is very clear. On the eastern side, the interior fl.ow merges
gradually into the eastern boundary layer and, although there is still a definable
eastern boundary layer, the transition is much smoother. This general structure
appears to be characteristic of eastern boundary layers and makes it difficult to
identify the offshore limit. Indeed, it has given rise to a distinction between the
well-defined coastal current (eg., Peru Coastal Current) and the more diffuse
offshore fl.ow often referred to as the oceanic current (eg., Peru Oceanic Current).
B. ADDITIONAL PHYSICS AND INDICATED MODIFICATIONS. The present
calculation can be improved upon if the detailed analysis were altered to include
more realistic features, such as the irregularities of the lateral boundaries and
the complete mean wind distribution.
Including meridional winds would have several consequences. One is that
the curl of the wind stress can change sign locally, particularly near eastern
boundaries. For example, according to H ellerman's data, the sign of k·'vxT is
altered by the addition of meridional winds near 42.5°N in the eastern Pacific.
This serves to extend the region of southward fl.ow in the eastern boundary
layer to latitudes farther north than in the present analysis, as is observed for
the California Current. Also, the values of v and he change and, as a result, so
does the separation latitude, though the latter change is negligible.
Meridional winds also give rise to closed gyres in limited regions of the oceans,
so that the present banded structure of the gyres would be replaced by Rows
with some longitudinal variation. The observed closed anticyclonic gyre in the
eastern Pacific is an example of a pattern that would emerge from the refinement. The California Coastal Current would be strengthened by both the
increased curl and by the Ekman wind drift, but the return fl.ow would take
place offshore of the eastern boundary so that the western boundary transport
would be unaltered.
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In general, including meridional stresses would have only a small effect on
the western boundary transport. In the extended calculation, the term fh:cp/
a cos i:po). is a nonvanishing part of the wind-stress curl, but an integration from
Aw to Ae is required to obtain T w, and this operation yields the difference of 7:cp
at the end points. Hence, the correction in amplitude is small. However, the
location of the separated current could be altered a small amount.
Meridional stress should have a sizable effect on the flow in tropical waters
where the Coriolis parameter is small. The Ekman wind drift and the altered
curl can lead to a significant quantitative change and even to a reversal in the
zonal flow.
Irregularities in the side boundaries introduce nontrivial corrections to the
flow. Our idealized Pacific basin is bounded by a single longitude on the east
whereas the real eastern boundary of the Pacific extends over a substantial range
of longitudes. Two qualitative aspects of lateral irregularities should influence
the calculations significantly. The first has to do with the longitudinal range
over which the stress acts. At 50°N, the North Pacific is less than half as wide
as it is in the tropics. Hence, in the north much less water is directly driven by
the wind stress. Including this change in the model would decrease the transport in the Oyashio and also reduce the separation longitude measured from the
western boundary. The second feature has to do with the effect of boundary
irregularities on the direction of the flow induced in the interior. It is a simple
matter to show (Kuo and Veronis 1971) that quasigeostrophic theory predicts
interior flow more or less paralleling the eastern boundary. This behavior is
. especially important in the tropics, not only for the Pacific but for all of the
oceans, because the boundary irregularities are most pronounced there. Significant eastern boundary currents in the tropics can be generated because of the
more nearly east-west orientation of the coast.
As upper-layer water is transported to different parts of the ocean, its density
is changed because of transfer of heat and salt to the atmosphere. A horizontally
varying density in the upper layer induces changes in the flow. For example,
the California Coastal Current carries relatively dense water southward, and
the increased density of the water tends to keep it hugging the coast; therefore
this should lead to a penetration to lower latitudes than we obtain in this study.
When the northward coastal current in the tropics meets the California Current. a relatively sharp density transition occurs so that something resembling
the Equatorial Countercurrent should result. This effect may serve to enhance
the various mechanisms proposed earlier to explain the cause of the Equatorial
Countercurrent. Transport of warm surface water into the Kuroshio leads to
deeper thermocline (or alternatively to a larger value of iJe/e2 ), hence to an
mcreased transport. The present calculation should therefore give a low estimate of the transport.
Finally, there is no mixing in the present calculation. Mixing of upper- and
lower-layer water, particularly in the jump region of the Kuroshio, would
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provide water of intermediate density. The net effect would be to raise the depth
of the calculated thermocline and to create a region of warmer water farther
north. H ence, we could expect that a mass of mixed water would bridge the
transition from upper- to lower-layer water across the Kuroshio boundary.
Sverdrup et al. ( 1942: 721) call this transition water the "northern branch"
of the Kuroshio Extension. The absence of mixing in this model, therefore,
means that the calculated thermocline should be too deep and also that the edge
of our separated Kuroshio is too far south, although the boundary is quite a
good approximation to that of the major (warm) branch of the Kuroshio.
Additional physical processes such as heating and cooling and time dependence would also change the results. A preliminary study of the model with
heating and cooling has already been made; the results of the full study will be
reported later. The time-dependent system has not yet been studied.
4. South P acific. This discussion parallels that for the North Pacific, but the
modifications considered in part 4 B give rise to much more substantial changes
than those for the North Pacific. H ence, the calculated results are not to be interpreted as final, although they are consistent with the restrictions for the
present simple model.
A. CALCULATED RESULTS. The values of 8(k·Vx-r)/8<p for the South Pacific
are negative between 10°S and 41 °S and positive between 41 °S and 55°S.
Hence, according to the argument in section 2E, the thermocline depth, he,
near the eastern boundary is maximum at 41 °S and decreases to 55°S, where
8(k·y' x -c)/8rp becomes negative. Identifying the thermocline with the 110
cl r' surface once again, we interpolate between the 80 cl r' and 125 cl r' surfaces (Figs. 3 and 4) to determine the two values he (41°S) = 500 m and he
(55°S) = 300 m. An additional piece of information that is required to complete the calculation of he north of 16°S (where k · v' x-,: and hence Te change
sign) is the amount by which the thermocline depth decreases between 16°S and
10°S. The approximate value of 20 m has been chosen for this decrease. These
choices determine he to 4 °S. From there to the equator, he is calculated by
using he (4°S) and the northward transport in the eastern boundary layer
required to supply water to the boundary layer north of the equator, as outlined in § 3.
South of 55 °S, he is evaluated in the same manner as it was for the Alaska
Current; i.e., the poleward-Rowing water is required eventually to rejoin the
western boundary current. In this case the Row rounds Cape Horn and must
circle the globe by Rowing north off the Argentine Coast and then eastward
along the path outlined earlier. It finally joins the South Pacific system after
flowing northward along the eastern coast of Tasmania. This traverse is even
less realistic than the one for the Alaska Current, but it is required for our
model, which must conserve upper-layer water. In the calculation with heating
and cooling, this global circuit is not necessary.
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The results for the eastern boundary layer are shown in Figs. 5 and 6. The
remarks in§ 3 for the he distribution in the North Pacific apply here also. The
structure of he, taken together with the meridional transport Te in Fig. 6,
reflects the zonal flow into the eastern boundary currents. Fluid enters the
boundary layer from the west between 41 °S and the southern tip of South
America. From 49°S to 41 °S, this incoming flow is diverted northward to form
the Peru Coastal Current. Our simplified wind-stress distribution requires that
outflow from the Peru Current extend from 41 °S to 16°S. In other words, the
Peru Current as derived here barely reaches Peru. Between 16°S and 4 °S the
boundary layer transport is southward, and north of 4 °S the flow in the boundary layer crosses the equator.
In our (unmodified) calculation, we obtain a relatively weak Peru Coastal
Current with a maximum northward transport of 3 Sverdrups at 41 °S. The
southward transport at I o 0 S has the same magnitude.
The extreme southern range of the eastern boundary layer is associated with
southward flow and can be identified as the coastal part of the Cape Horn
Current. The transport in the boundary layer is 4 Sverdrups at its southern
extremity, but it is reinforced by interior flow to give a total of 7 Sverdrups in
the Cape H orn Current system.
The thermocline depth distribution for the South Pacific, as calculated from
(17) and (40), is illustrated in Fig. 7. New Zealand represents a barrier to the
zonal flow, and the distribution of h is altered in that neighborhood. For the
particular construction shown here we have proceeded as follows:
The Cape Horn Current must return to the South Pacific via the global
circuit outlined above. This water enters the South Pacific as a boundary current along South Tasmania. It flows northward along the east coast of Tasmania until it encounters the main body of upper-layer water in the South Pacific
(near 42°S according to the present calculation). There it separates from the
coast and flows eastward until it encounters New Zealand; it is assumed then
that it heads south, round the southern tip of New Z ealand, and rejoins the
main upper-layer water mass on the eastern side of New Zealand. If this boundary current were to flow north around N ew Zealand, it would alter the separation latitude east of N ew Zealand. The upper-layer flow in the South Pacific
requires the formation of the East Australian Current, and the thermocline of
the latter surfaces near 42°S. Here, the East Australian Current separates from
the coast, flows eastward to New Zealand, and rounds the northern tip of New
Zealand by a clockwise circuit. The onshore thermocline drops below the surface as the Current heads north along W est N ew Zealand and then rises again
after the Current has rounded New Z ealand and heads south. It surfaces at
about 42°S on the eastern side of New Zealand. Reid's chart (our Fig. 3) for
the 80 cl r • surface shows such a shallow region arou nd New Zealand. The
calculated one is much exaggerated.
Thus, there are two separation points: one off East Australia, the other off
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East New Zealand; both are located near 42°S. The predicted separation latitude of the East Australian Current is much farther south than the observed.
The latter occurs between 27 °S and 35°S, so our result cannot be considered
a good approximation. Also, the calculated thermocline achieves a maximum
depth exceeding 1100 mat 42°S just off Australia. Taft (1963) has shown the
maximum depth for the I oo cl r • surface to be slightly less than 900 m at
about 35°S in this region, so that our value is much too large. These results are
modified significantly by heating and cooling (§ 4 B).
Although the separation of the East Australian Current from the coast has
been discussed in some detail (Hamon 1965, Godfrey and Robinson 1971), the
corresponding separation from New Zealand appears to have received little
attention. It would appear from this analysis (and from modifications discussed
later) that the New Zealand separation is much more analogous to that of the
Gulf Stream and Kuroshio.
In Fig. 7, the shaded region (beginning at 37 °S at the western boundary and
extending to 42°S) is where our present solution can be interpreted in two
ways, as discussed in § 3A. As for the North Pacific, we shall interpret the
Row as being continuous along the western boundary until it reaches the separation point at 42°S. There the western boundary current undergoes a longitudinal
jump to 8 5° from the western boundary. Along this latitude, where the jump
occurs, the flow in the real ocean is presumably unstable and meanders.
The thermocline contours in midlatitudes are not as regular as in the North
Pacific. The principal reason for this is that the outflow from the eastern
boundary layer, which determines he, has a bimodal shape (reflected in the
dotted curve of Fig. 2), and the subsequent irregular shape of he is transmitted
to the interior through ( 17 ). But it should be kept in mind that the irregularity
depends upon the detailed structure of the second derivative of the wind stress.
At best we might hope to obtain the correct sign of this quantity from the sparse
observational network.
The transport stream function, contoured in Fig. 1o, shows the intense anticyclonic gyre that is bounded by the East Australian Current to the west and
by the separated current to the south. The relatively gentle Peru Current and
its oceanic extension can be seen, as can the Cape Horn Current. This calculation yields a broad slow eastward flow from I o 0 S to the equator, with water
crossing the equator in the interior to j oin the flow in the North Pacific. The
Row around New Z ealand is consistent with the discussion for the distribution
of h mentioned above.
The meridional transport in the western boundary layer is southward from
16°S to the separation latitude at 42°S, where it has a maximum value of 64
Sverdrups (Fig. 9). After the jump discontinuity at 42°S, the boundary current
transports only about 23 Sverdrups, 41 Sverdrups having been lost to the interior
region to the north during the course of the jump (of these, 1 I are lost between
Australia and N ew Zealand). Of the remaining 23 Sverdrups, more than 3 go
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into the Peru Current, 7 go into the Cape Horn Current system, and the rest
eventually become part of the large anticyclonic gyre.
The lower-layer flow south of the separated current properly belongs to the
Southern Ocean and will be discussed in that connection.
B. MomFICATIONS. Meridional winds are quite strong in the eastern South
Pacific and they serve to alter the values of k · V x-r and its meridional gradient.
Hence, the regions of flow into and out of the eastern boundary layer will be
modified by this refinement. In particular, the northern limits of the inflow
and outflow regions are pushed closer to the equator and the anticyclonic curl is
intensified. These effects, plus the effect of the Ekman wind drift, will intensify
the transport in the Peru Current. The closed wind-stress gyre forces a
southward return of this water offshore of the eastern boundary layer so the
western boundary transport is relatively unaffected by the closedstress gyre.
The west coast of South America is generally smooth and reasonably northsouth. However, there are island ridges and other topographic structure in the
western part of the basin that should serve to break up the flow into the western
boundary layer north of the Tropic of Capricorn.
Mixing of upper- and lower-layer water in the vicinity of the separated current will give rise to a shallower thermocline depth in the process of generating
water of intermediate density. The boundary between this water and the cold
water to the south should correspond to the Subtropical Convergence near
New Zealand. (Farther east, the observed Subtropical Convergence seems to
be identified with the curve along which the mixed water meets the warm
water to the north.)
The most significant modification in the South Pacific will come from the
effects of heating and cooling. A preliminary study shows that the separation
boundary for the East Australian Current is shifted northward to the latitudinal
regions where the observed separation takes place?. In this respect, the East
Australian Current is different from all of the other western boundary currents
since the separation latitudes of the latter are located reasonably accurately by
the wind-driven circulation model.
5. Indian Ocean. Having obtained results for the Pacific, we now turn to a
si milar calculation for the Indian Ocean. Again, we identify the thermocline
with a value of a0 that is slightly less than 27. A restrictive condition for the
Indian Ocean, determined by processes external to the basin itself, is that the
thermocline must surface at the southwestern tip of Tasmania, since it must
connect with the Pacific thermocline. Furthermore, along the southern coast
of Tasmania there must be an eastward boundary-layer transport equal to that
which leaves the South Pacific via the Cape Horn Current system since mass
continuity of upper-layer water requires the latter to return to the South Pacific.
7. According to the present analysis, separation can occur only where
the South Pacific, T is positive south of 33°S.

T

= o (eg. 41), and for
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This means that the value of he at the so uthwestern tip of Tasmania must be
386 m, because such a value is needed to support a transport of 7 Sverdrups
via a boundary current at 45 °S when the thermocline surfaces offshore.
From the sign of 8 (k · V x -r)/8rp for the Indian Ocean (Fig. 1 1 ), we note that
there must be eastward fl ow into the boundary layer region off the coast of
T asmania. To determine the
magnitude of the inflow and
20
the detailed structure of he, we
require a known value of he at
the northern end of the range.
W yrtki's (1971) charts for the
region show little increase in
-I
the depth of the thermocline
from 45 °S to the southern part
of Australia, where the thermocline has a depth of approximately 500 m. Hence, we
expect that he will decrease
from 500 m at 36°S to 386 m
at 45 0S.
In the actual calculations,
we fix he at 500 m from 36°S
0
to 45 °S and require a change
Figure 11. The zonally averaged zonal wind stress per
from 500 m to 386 m at the
unit mass, r, for the Indian Ocean. See legend
southwestern tip of Tasmania.
for Fig. 2.
This procedure leads to zero
flu x into the boundary regions north of 45 °S but to a northward transport,
Te= 4.8 Sverdrups, ori ginating at 45 °S and fl owing northward in a boundary
layer adjacent to western Tasmania. Th e transport cannot be southward
becau e its only outlet to the south would require flow into the Pacific, and
this would not satisfy the requireme nts of our calculation there.
An alternative construction would be to have the value of he change continuously from the maximum in the north to the minimum in the south in a
manner determined by the structure of {) (k · V x-r)/8rp. The main difference
between the two constructions is a small change in the value of Te. Since
the data are not decisive on this point, we choose the simpler construction.
The curl of the wind stress gives rise to an intense northward in terior fl ow
at 36°S. Hence, there will be a northward transport impinging on the southern
coast of Australi a (which in our idealized basin is 28 ° wide), and this water
must fl ow westward in a boundary layer adj acent to the coast. In accordance
with the reasoning outlined earli er, the boundary current wi ll turn northward
along the western coast of Australia and will be drained via a westward flow
into the interior of the Indi an Ocean with a distribution determin ed by

20

cp
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The depth of the thermocline, he, near the
eastern boundaries and, hew• at the eastern
walls in the Indian Ocean. The breaks at 36°S
correspond to changes that take place along
southern coast of Australia. The depth, he, is
taken constant from 45°S to 36°S and in the
North Indian Ocean, as outlined in the text.

k •'v x-i. The outRow region
is between 35°S and 21.5°S,
where k · 'v x-c is positive but
decreasing northward.
From 21.5°S to 13°S, he diminishes because k · 'v x-r continues to decrease, and from
I 3°S to 2°S, he increases as
k • 'y x-c also increases. The
thermocline depth, he, is taken
to decrease by 50 m from
2 I. 5°S to I 3°S. From I 3°S to
2°S, the values of he are determined by eastern boundary
transport requirements and by
the distribution of k· 'v x-c with
latitude.
North of 2°S, he is kept
fixed. This departure from the
procedure adopted for the Pacific (and the Atlantic) is based
on the fact that the real North
Indian basin has very irregular
boundaries, and there seems to
be little point in adding the
refinements without including,
say, the Indian subcontinent.

A.

CALCULATED

RESULTS.

The zonally averaged zonal
wind-stress data for the Indian
Ocean are shown in Fig. I 1,
and the regions where k · 'v x-r
increases and decreases with latitude are indicated by the positive and negative
values, respectively, of the dotted curve.
Fig. 12 contains the distributions with latitude of he and hew• The value he
= 386 m, to which the he curve must join abruptly at 45°S, is not shown. From
45°S to 36°S, he remains constant according to our construction. At 36°S, he
increases with decreasing longitude (because of the northward flow into the
boundary layer along South Australia) and attains a value of about 740 m at
the southwestern tip of Australia. Then it decreases northward as the water
leaves the boundary layer along western Australia, reaches a minimum depth
of 435 mat 13°S, and then rises gradually to 450 mat 2°S. We keep it fixed
at that value up to the northern boundary of the Indian Ocean. The corre-
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sponding distribution of hew,
taken together with he, reflects
the direction of transport parallel to the boundary layer along
the eastern side of the Indian
Ocean. Observe that both he
-6
4
and hew appear discontinuous
(IOSv)
at 36°S because we cannot include the distribution along
South Australia on a graph
that shows h vs. <p.
The eastern boundary transport, Te, is illustrated in Fig.
13. The abrupt change at 36°S
represents the increase of Te
!Te
along the South Australian
-4o I
Coast from northwestern TasI
mania to the southwestern tip
of Australia. At the latter
Meridional transports, Te and T w, in the
point, the westward transport Figure r 3. Indian
Ocean along eastern- and westernis about 24 Sverdrups, which
boundary layers, respectively. Constant value
of Te south of 36°S follows from constant
is much larger than any other
he values there. Abru pt change in T tis brought
"eastern" boundary layer transabout by transport in toward the southern
port. The intense current along
coast of Austra lia. Jump in T w occurs because of separation of Agulhas from the coast
South Australia has recently
and concomitant loss of water to interior Inbeen named the Flinders Curdian Ocean via R eturn Agulhas Current. The
simplified treatment yields no eastern boundary
rent (Bye 1968). In this calcurrent in the North Indian Ocean.
culation, its existence and intensity are attributed to the
northward flux of interior water toward the South Australian Coast. In our
present calculation, the fully developed Flinders Current turns and flows northward along the western coast of Australia, where it diminishes in intensity
because of westward fl.ow into the interior (with a distribution determined by
k·VxT) until, by 21.5°S, Te vanishes. Negative Te north of 21.5°S is associated with the cyclonic wind stress between 21.5°S and 2°S. We shall return
to a discussion of the Flinders Current in the following subsection (5 B).
With he known, h can be calculated for all interior points by use of ( l 7).
The knowledge of Te together with the geostrophic balance for downstream
fl.ow in the western boundary layer leads to a determination of hww from (40)
and to the separation longitude from (50). The results are summarized in
Fig. 14.
We observe that the thermocline is quite deep (~800 m) in the eastern
Indian Ocean just to the north of 36°S and is extremely deep( > 1000 m) just
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Figure 14. T hermocline depth, h, in h ectomet ers in the Indian Ocean. Thermocline vanishes along
curve marked o , from South Africa to T asmania. Boundary layers set off by dashed curves .
Shading sho ws where a jump in thermocline depth may occur.

east of South Africa. It comes closest to the surface (h < 400 m) in the western
Indian Ocean at about I 3°S. The thermocline surfaces just south of South
Africa and the curve with h = o extends in a southeastward arc to the southwestern tip of Tasmania. All of these features are consistent with observations,
although some of the calculated extreme values and their locations may be
slightly off. The surfacing of the thermocline along the curve shown corresponds to the observed region of maximum gradient in the depth of the 100 cl
r' surface (Taft 1963 : fig. 7). W e shall discuss this region further in the next
subsection (5 B).
The thermocline depths, hww, at the western boundary and, hw, just offshore of the western boundary, are plotted as functions of latitude in Fig. I 5.
The large variations indicate strong zonal geostrophic flow, and once again the
indication is that the flow normal to the boundary layer must have a large ageostrophic component.
The intense meridional transport in the western boundary layer is included
in Fig. I 3. Its maximum value of more than 72 Sverdrups occurs near the
southern extremity of the Agulas Current, and it represents the largest transport
of any upper-layer current obtai ned in this study. H ence, the Indian Ocean
contains the most intense western boundary current (Agulhas) and the most
intense eastern boundary current (Flinders, actually a zonal boundary current)
of all of the oceans.
The transport stream function is contoured in Fig. 16. There is a moderately
strong anticyclonic cell near the northern boundary and a weak cyclonic cell
just north of the equator. The flow on both sides of the equator is eastward and
is relatively mild . By far the most intense zonal flow occurs just north of 36°S,
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where the transport from the Flinders
20
Current joins the interi or zo nal fl ow
to make up the transport into the
Agulhas Current.
Figs. 14 a nd I 6 display the most
I
significant si ngle feature in the circ ulation of the Indian O cean, viz. , the
2
4
0 1----'--_.__f--_,____..______,
surfacing of the thermocli ne at the
(100m)
southern tip of Africa. In our calculation the thermocli ne actually surfaces
along the southern "bo undary" of
South Africa abo ut two-thirds of the
distance west of the so utheastern tip.
\.
Because of the surfacing, it is once
-20
agai n necessary to use (50) to obtain
the eparation latitude. The boundary
current intensifies until it reaches 36°S,
then undergoes an eastward jump, and
is stabilized at a longitude that is 59°
east of A fri ca. In the course of this
-40
jump, of the 72 Sverdrups transported
by the southward- flowing A gulhas, Figure 1 5. Thermocline depths, hw , offshore of
western boundary layer and, hww ,
more than 37 are returned to the inon th e western wa ll in the Indian
terior Indian Ocean . Of the remainder,
Ocean.
9 flow northward into the Indian
Ocean east of the longi tude where the boundary current stabilizes, nearly 5
make up the north ward flow in the eastern boundary layer adj acent to T asmania, and the rest contrib ute to the northward fl ow toward South Australia and
wind up as the F linders Current. In addition, there are 7 Sverdrups in that
portion of the boundary c urrent that has circled the globe and fl ows into the
boundary layer so uth of T asmania, to rejoin eventually the boundary current
in the Paci fie.
The retu rn of a major portion of the Agulas Current in to the Indian O cean
is an observed phenomenon. I ndeed, the return is sufficiently intense to have
been named The Return Agulhas C urrent. As in our study of the Pacific, we
cannot provide the details of the ret urn fl ow, but the transport balance is a firm
part of the analysis.
B. MO DI F I CATIONS. W e shall not dwell on the need to incorporate lateral
boundary features. Suffice it to say that there are sufficiently strong irregularities to suggest significant quantitati ve changes, particu larly in the North Ind ian
Ocean and also north of A ustralia. Whether there is sufficie nt exchange with
the Pacific thro ugh the Banda Sea to warrant speci fie treat ment for a circu lation model is not clear.
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Figure 16. Tran sport streamfunction contours for the Indian Ocean in units of 6.9 Sv. The Agulhas
flows southwa rd to the tip of South Africa and separates there to form the R eturn
Agulhas, which flow s eas tward and supplies water to the Indi an Ocean for recirculation.
The Flinders supplies the W es t Australian Current in this simple calculation. The dark
arro w pas t Tasmania (lower right) is part of the globe-circling current.

Mixing of upper- and lower-layer waters across the surfacing thermocline
of the present model will undoubtedly play an important role in bringing the
idealized model closer to reality. We may expect that the deepest thermocline
near South Africa will rise somewhat as a result of mixing and that the joining
region between the (mixed) upper- and (mixed) lower-layer water will be
pushed southward to the latitude normally identified as that of the Subtropical
Convergence. However, even the present results are not bad, because the Subtropical Convergence appears to be located not so very far south of the curve
where h = o.
Because of the linear dynamics in this calculation, we require that the
Flinders Current turn northward along the W est Australian Coast and diminish in intensity, until by 21.5°S it has bee n depleted completely by westward Row. In the real ocean, inertial effects must be very significant as the
Flinders Current reaches its maximum intensity near Southwest Australia and,
at the least, one would expect an inertial overshoot of this current past the
western longitude of Australia. The mean wind-stress system is such that this
water would still be transported eventually to the north, but it is highly unlikely that the path indicated by our simple calculation is the real one.
The significance of the inertial overshoot is that the boundary current would
not turn north along the coast of West Australia, and the onshore thermocline
would not rise as close to the surface as would be expected from the simple
calculation. W e might expect the current to overshoot the southwestern corner
of Australia and perhaps divide, with some Row turning northeastward and
approaching the western Australian Coast and the remainder continuing west-
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ward in the interior. The thermocline shou ld show a minimum depth to the
right of that part of the current that loops around to flow northeastward. The
effect of the overshooting would be to keep the thermocl ine deep along the
western Australian Coast. Since the offshore thermocl ine (both observed a nd
calculated) is very deep ( > 700 m), even very strong meridional winds could not
cause upwelling of cold water. H ence, the water ought to be poor in nutri ents
and the region ought to be singularly poor for fishing. That more or less
describes the actual si tuati on. On the other hand, the Flinders Current requires
a shallow onshore thermocline along South Australia, and the situation should
be ideal for upwelling of nutrients and for associated good fishing.
Of all of the results for the circulation of the Indian O cean, the one that
has the greatest potential significance is the separation of the Agulhas Current
at the southern tip of A frica. The calculation is based on mean winds, and the
separation point appears to be firmly located at the Cape of Good Hope. At
first thought it would appear that increased wind action in the Indian Ocean
could drive the Agulhas past the Cape and force water into the South Atlantic
via the Benguela Current. H owever, the situation is, in fact, just the opposite.
Separation occurs when the interior circulation is so intense that the boundary
current is required to transport more water than it can handle with downstream
geostrophic balance. And when separation occurs, the transport balance forces
the surfaced thermocline to shift into the interior. Hence, an increased windstress curl in the interior leads to a northward shift of the separation poi nt and
a concomitantly stronger Return Agulhas Current. A decreased wind-stress
curl, on the other hand, allows the Agulhas to adhere to the coast and, if it can
ro und the Cape as an integral current, it can spill over into the South Atlantic,
taking with it the high temperature of Indian Ocean water.
The mean situation appears to be one of fairly delicate balance, since the
separation point is located at the Cape of G ood H ope. But the Indian Ocean has
notoriously transient winds, and it would appear that a shift between stronger and
weaker winds would give rise to a pulsation of the separation point, so that at
times there should be fairly massive " leaks" of A gulhas water into the South
Atlantic. The effect on the South Atlantic and potentially even on the North
Atlantic (since some Benguela Current water crosses the equator) should be
signi ficant. The climate of southwestern Africa and even of equatorial Africa
and South America may be affected by the atmospheri c implications associated
with these leaks. At the present time there does not seem to be sufficient
observational evidence to determine whether the suggested leaks could be a consequence of weaker winds in the Indian O cean.
6. North Atlantic Ocean. A. CALCULATED RESULTS. The Atlantic windstress data required for the calc ulations are shown in Fig. I 7. The temperate
latitudinal band within which k. V x -r increases northward lies between 29.5 °N
and 57 .5°N. Identifying the thermocline with the ae = 27 surface, we obtain
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from Wust (1936) the values
of 350 m and 1 oo m, respec•••••••••••••••••• •••• 60
tively, for he at these latitudes. The tropical cyclonic
wind-stress gyre is essentially
,,,.../
bounded
at the south by the
/
40
/
equator so that the calculaI
./
tion for the Atlantic requires
I
.•·
\
no meridonal transport across
'the equator in the easternboundary layer. Since the
........ ,
east-west
orientation of the
'\
······ I
west
coast
of Africa just
"Y.
0
/
\
north of the equator is not
1.5
1.0
-1.0
-0.5
/
..•········-- 0 .5
present in our idealized basin,
(.....
we attempt only to retain
(."
the correct qualitative behavior in the calculation by
o \ ...~20
choosing a l o-m drop in he
from the northern extreme
of the cyclonic gyre at l 5. 5°N
to 8°N where k·V X't reaches
its maximum value. Another
······:
choice for the change in he
would lead to quantitatively
different transports in the
····················
tropical region.
The results for the boundFigure 17. Zonally averaged zonal wind stress per unit mass,
ary layers are shown in Figs.
i:, for the Atlantic. See legend for Fig. 2.
18 to 20. The thermocline
height, hew , at the eastern wall is nearly constant (Fig. l 8) north of the
equator so that the boundary condition of vanishing zonal Row there is nearly
satisfied by geostrophic balance. However, he changes very significantly (much
more so than fo r the Pacific), and it nearly van ishes near the northern
"boundary" at 65 °N. WUst (1936) has shown no water with ae as high as
27 north of 55°N, a feature that is qualitatively re fl ected by the small value
of he from the present calculation.
In Fi g. 20 we see that the meridional transport, T e, is southward in the
eastern boundary layer between 47 °N and 15°N. This boundary current embraces both the Portugal and Canary currents of the Atlantic, but in our idealizati on there is no interrupti on of the boundary current by Row involving
exchange with the Mediterranean. The northward transport north of 47 °N
becomes the boundary layer part of the Norwegian Current. Our wind-stress-
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controlled tropical regions show a
weak eastern boundary current directed
northward from the equator to 15 °N .
This behavior does not agree with the
60
observed currents, but we shall say
more about that in § 6 B.
In Fig. I 9, the thermocline depth,
40
hw, offshore of the western boundary
current refl ects the strong zonal Row
into and out of the boundary layer.
20
The onshore thickness, hww , vari es
from a maximum value of more than
460 m at 15°N to zero at 35 .5°N,
2
4
where the thermocline surfaces. The
o-~---'----'1--...____.
nongeostrophic character of the Row
(100m)
normal to the boundary is obvious.
\
The thermocl i ne is deepest ( > 7 oo m)
around 30°N just offshore of the Gulf
-20
Stream (Fig. 21). Along 36°N, the
thermocline gradually rises along the
jump region to a point 42° east of the
_ 40
western boundary, where the Gulf
Figure 18. Depth of thermocline, he, offshore of
Stream stabilizes. The upper-layer wathe eastern boundary layer and hew
ter north of the separation latitude
at the eastern wa ll in the Atlantic.
covers only a limited longitudinal band
and squeezes into a "channel" only a fraction of a degree wide in the northeastern Atlantic. In this region, even though there is still a moderate northward transport of upper-layer water, the volume of upper-layer water that
is present is very limited. It appears from the present analysis that the "warm
Gulf Stream water" in the northeastern Atlantic must be a mi xture of upperand lower-layer water. The sit uation is different in the North Pacific, where
more identifiable upper-layer water is prese nt offshore of Alaska.
The transport stream function in Fig. 22 shows a cyclonic cell just north of
the equator and the strong anticyclonic gyre, including the Gulf Stream and
its separated extension, in midlatitude. Transport contours peel off the Gulf
Stream along the jump region of the separated current at 36°N (see also Fig. 20,
where the drop in T w is indicated) so that at the longitude where the jump
ends, 42° east of the western boundary, slightly less than 13 Sverdrups are
being transported by the Gulf Stream. On e third of this Row finds its way into
the Norwegian Current and most of the remainder goes into the interior anticyclonic gyre.
There is an anticyclonic gyre of lowe r-layer water just north of the separated
current. Thus, in our ideali zed basin with only zonally averaged zonal wind
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stresses, we obtain a northern (cold) branch of the Gulf Stream that is similar
to the one for the Kuroshio. The L aborador Current proper shows up as the
western boundary current of the cyclonic gyre at the north. The lrminger
Current can be identified with the
warm and cold westward boundary
40 cp
currents at the northern boundary.
Other detailed features of the gyres
and the associated boundary currents
20
can be seen in Figs. 21 and 22.
The calculated transports of the
Gulf Stream and the Laborador Current are 30 and 44 Sverdrups, respectively. The Gulf Stream value is significantly less than even the minimum
-20
estimate of the observed, a failure
common to quasigeostrophic models.
-40
But we shall discuss this point in the
Figure 19 . Thermocline depth, hw, offshore of
following subsection.
B. MODIFICATIONS. The eastern
wes tern -boundary layer and hww on
the western wall for the Atlantic
shown poleward to the lati tudes
where the thermocline su rfaces .

boundary of the North Atlantic is
much more irregular than that of the
Paci fie. It is certain that these irregulariti es will provide at least quantitative changes in the calculated results. Where
the wind-stress curl is weak, the associated Sverdrup transport will be also and
the changes will be unimportant. The Bay of Biscay is such a region. But in
other regions, the effects may be sufficiently large to bring about a qualitative
change.
Boundary irregularities are often accompanied by local changes in the windstress distribution, and the two effects give rise to sizable changes in oceanic
response. For example, the Guinea Current appears to be the result of the eastwest ori entation of the African Coast north of the equator and the anticyclonic
wind stress in that region.
An oceanic response of much more global significance is also associated with
slopi ng boundaries and nonuniform wind stress. The curve of z ero wind-stress
curl at midlatitudes slopes toward the northeast, and this nonzonal structure
wi ll affect the transports. In this region the western boundary also slopes toward
the northeast and tends to parallel the separated Gulf Stream. Hence, the cold
branch of the Gulf Stream obtained in the calculation will be severly reduced,
if not essentailly eliminated, when these more detailed features are included.
Moreover, the N orth American continent juts out to the east around 47 °N
and provides an essential barrier to southward penetration of the Laborador
Current. Hence, the Gulf Stream is shielded from appreciable mixing with
really cold water from the north.
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It is this last feature that seems to
put the Gulf Stream in a class by itself.
••••..•••••••••.•
60 I
Advection of warm water into the Gulf
I
Stream system is not appreciably different from the analogous process for the
Kuroshio. However, because appreciable
mixing wi th Laborador water is prevented by the eastward protrusion of
Newfoundland, the Gulf Stream encounters less cold water north of the
region of separation. Therefore, rela6
tively undiluted warm water in the
Stream presses the thermocline to a
(IOSv)
much deeper level than would be anticipated from wind-stress forcing alone.
The result is an increase of the poleward transport in the left part of the
Stream accompanied by an intense coun-40
tercurrent on the right side. If this reaFigu re 20 . Eastern boun dary layer ( Te) and
soning is correct, there should be no
western boundary layer ( T w)
substantial increase in the net transport
transports fo r the Atlantic. Dotted line represen ts lower-laye r
of the combined Gulf Stream-countertransport along wes tern boundary
current system over that to be expected
layer north of separation latitude.
from the wind stress alone. It is, of
Arrow at 35.5° N indicates drop
in T w from separation point to
course, possible that nonlinear effects
longitude where Gulf Stream staand rectification of transient response
bilizes again and resumes its no rthward flow.
could enhance the net transport. But
these features should be present to at
least the same degree in the Pacific, and there we have seen that the simple
wind-driven model gives a transport that is not far from the observed. H ence,
the increased transport in the Gulf Stream must be associated with features
that are more peculiar to the North Atlantic. The ones mentioned above
appear to me to be the most likely ones.

·····•• ...................

7. South Atlantic Ocean. The onshore thermocline in the Agulhas Current
rises to the surface at the southern tip of Africa (36°S). Since the eastward
boundary current that rounds Cape H orn re-enters the South Paci fie after a
global traverse, it must fl ow past the southern tip of Africa. At this latitude
the depth of the thermocline on the left side of the current must be 352 m in
order that the required amount of water be transported. The observed thermodine depth off the western coast of Africa near 36°S is about 500 m (Taft
1963). H ence, there must be an abrupt adjustment of he from 500 m to 352m
at the southwestern tip of Africa.
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If we adhere strictly to these
values
for he, the calculation leads
60
60
to a South Atlantic thermocline
that is too deep by about I oo m.
50
50
In order to obtain a more reasonI
able
distribution for h, we shall
I 40
40
require that the observed 500-mI
I
deep thermocline at 36°S adjust
1 30
to a depth of 250 m (instead of
I
352 m) immediately to the south.
I 20
I
We
can envisage a band of water
I
with
counterclockwise circulation
1
10
I 10
I
at
36°S
to provide the adjustment
I
I
he
to
the required value of
in
lo
01
I
I
352 m. The main effect of the
I
I
present choice of 250 m is to de-10 I
I -10
couple the boundary value of he
I
I
I
from the value required by the
I -20
-201
globe-circling current. The preliminary calculation with heating
and cooling shows such a deco upling, but the real justification here is that the transport in
the Cape Horn Current should
not have substantial control over
the thermocline depth of the
other oceans.
A. CALCULATED RESULTS. The
Figure 21. Thermocline depth in hectometers for the
Atlantic. Stippled regions occupied by
adjustment of he from the oblower-layer water only. Di scontinuous
served value of 500 m to 250 m
change in thermocline depth occurs in
shaded regions.
directly to the south gives rise
to a northward-flowing eastern
boundary current that we identify with the Benguela Current. Since k · V xT
decreases from 36°S to 14.5°S, our procedure req uires that the Benguela Curren t leave the boundary layer between these latitudes with an amplitude distribution determined by the dotted curve in Fig. I 7.
We assu me that the value of he decreases by 30 m from 14.5°S to 7. 5°S,
and then it rises toward the equator in the manner outlined for the Pacific
calculation.
The results for the boundary layers are shown in Figs. I 8-20. The zonal
flow in the eastern boundary layer is not geostrophi cally balanced (ah ew/acp does
not vanish but Uew must). The Benguela Current, with a maximum meridional
transport of I I Sverdrups, is relatively strong, substantially more so than the
10

20

30

40

50
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Peru or California currents.
50
40
20
30
10
There is a weaker southward
60
60
boundary current (with maximum transport of 3 Sverdrups)
50
50
from the equator to 14.5°S.
The thermocline along the
40 1,-·
western boundary, shown in
Fig. 19, surfaces at 36°S; in this
I
[30
calculation, this is also the latiI
tude where the warm boundary
current fl.owing northward from
I 20
II
0
Cape H orn meets the Brazil
10
Current. The offshore thermo10
I
d ine depth is 800 m at 36°S
2
I
and exceeds, by perhaps 1oo m,
0
0
I
the largest observed thermocline
depth in the western South At-10
2
I -10
lantic.
0
The southward transport of
1-20
the Brazil Current is substan!
tial, achieving a maximum value
of 38 Sverdrups at 36°S, where
it encounters the cold water to
the south. The calculated transport exceeds that of the Gulf
Stream, because the transport of
the Benguela Current must be
returned to the so uth by the Figure 22 . Transport streamfunction in units of 2.9 Sv
(N .Atlantic) and 3.7 Sv (S.Atlantic). BoundBrazi l Current (but see § 7 B).
ary current s for upper-layer wa ter ind ica ted
by dark arrows. Separa tion of Gulf Stream
North of 14.5°S the western
and Brazil Current at 35.5° N and 36° S,
boundary current transports warespectively. Norwegian Current is narrow
ter to the north to supply the
u pper-layer curren t in the NE Atlantic.
The Portu gal, Canary, and Benguela curcyclonic gyre in the interior.
ren ts loca ted on eastern side. The lrminger
The overall thermocline depth
along the north and the L abrador on the
distribution in Fi g. 2 r agrees
wes t are shown by open arro ws.
with the observed, although
there is an eastward shift of the maxi mum observed depth (Taft 1963)
somewhat offshore of the South American Coast. Both the calculated and
observed maxima are at 36°S, with the calculated maximum being about
l oo m too large.
The transport stream function (Fig. 22) rell.ects the features mentioned
above. T he sizable fl. ow out of the Benguela Current is shown by the streamline leaving the eastern boundary region at about 30°S.
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B. MomFICATIONS. The South Atlantic differs from all of the other basins
that we have studied in the sense that the calculated western boundary layer
transport is much larger than the observed even though there is no topographic
or lateral-boundary structure to bring about such a discrepancy. It is true that
there are fairly strong winds along the western coast of Africa but, as we have
seen, meridional winds should not affect the western boundary transport so very
much. However, the eastern boundary current can be much intensified and the
thermocline can rise close to the surface as a result of these winds.
There seem to be two processes that can significantly affect the Brazil Current transport. One is the intense mixing that takes place in the vicinity of the
separation latitude. The wild gyrations with longitude of the temperature and
salinity contours (Wi.ist 1936) indicate a very . intense mixing-much more
than in any corresponding region except perhaps where the Agulhas separates
near the tip of South Africa. But off the Argentine Coast there is a strong northward flow of cold water that has no counterpart in the Indian Ocean. The large
amount of mixing can dilute the upper-layer water near the coast at 36°S and
cause a much-reduced geostrophic transport there.
The second mechanism has to do with the unusual characteristics of the
Benguela Current. In some respects the Benguela appears to be a misplaced
western boundary current. As a result of mixing at the tip of Africa, there must
be at least a partial leak of Agulhas water into the South Atlantic, and this
water must be shifted offshore in the subsequent northward flow of the Benguela. Furthermore, the transport is sufficiently large so that inertial processes
must play a role in the dynamics of the Benguela. There is good evidence of
this in the fact that the western edge of the Current shows an abrupt change
in dynamic topography (Defant 1936). In addition, the Current covers a very
substantial range of longitude, extending as far as 1500 km from the coast,
before it turns more or less westward north of 20°S. The question arises; can
and does the Benguela serve the same function as a western boundary current
in the sense of absorbing transport from the interior region to the east and
carrying it across the latitude of zero wind-stress curl? If it does, it can divide
the South Atlantic circulation in two, with (i) a normal anticyclonic gyre in
the western part closing with the Brazil Current and (2) a decidedly abnormal
gyre in the eastern part feeding water into the Benguela, which carries it out
of the region. The supply of upper-layer water in the eastern gyre poses a
problem unless the water can be supplied from the south, with possible admixture of deeper water from the upwelling regions.
Whatever the explanation, the very weak transport in the Brazil Current is
an exceptional phenomenon, and some process other than the ones considered
in our calculation must be present.
8. The Southern Ocean. Because of the surfacing of the thermocline at midlatitudes in the southern hemisphere, the region in which only lower-layer
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water is present covers a su bstantial range of latitudes. Therefore, we shall use
the term "Southern" instead of "A ntarctic" to refer to thi s vast body of water.
Hellerman 's ( I 967) wind-stress data for the Antarctic region are spotty. At
67. 5°S, for example, val ues are given for only the longitudinal range 157 °E to
I 57°W. Hence, our zo_
nally averaged zonal wind stress at that latitude is not
very reliable. W e have taken the approximate value,-,;= o, at 67.5 °S and have
put the southern boundary at 6 5°S to mi ti gate the effects of this relatively unknown value of -,;. Also, the polynomial approximation for -,; smooths over an
oscillation between 5 7.5°S and 62.5°S (see Fig. 2).
A. CALCULATED RESULTS . In order to obtain the present solution (determined by a Sverdrup balance in the interior), it is necessary to introduce a
meridional barrier at all latitudes. Hence, we assume that the Antarctic Peninsula plus the South Sandwich and South Shetland islands form the barrier extending from Antarctica to 5 7. 5°S at 50°W . Stommel (1957b) has used a
similar construction in this region for the same purpose.
Along the idealized Antarctic Peninsula south of 57.5°S, the eastern boundary of the ocean is a rigid wall. However, along the curves that mark the surfacing of the thermocline, there will be a net meridional flux by the Sverdrup
transport into the curved eastern boundary layers. Hence, it is necessary to
calculate this flux in order to set the eastern boundary value of VJ along these
curves.
In Fig. 2 3 the transport streamfunction is contoured for the Southern Ocean.
The curved eastern boundaries along which it is necessary to calculate VJ are
on the eastern sides of the Pacific and Indian oceans.
The wind-stress curl is positive north of 49°S. Since this is also the latitude
of the southern tip of New Zealand, there is a self-contained anticyclonic gyre
in the Pacific between 42°S and 49°S. A larger anticyclonic gyre, with a northern bound at 36°S in the Atlantic and Indian oceans, exists between the east
coast of South America and Tasmania. There is a small appendage of this gyre
in the Tasman Basin.
The eastern boundary currents for these anticyclonic gyres are directed
northward along the curved boundaries, and the flow joins the western boundary current in each case by means of a boundary layer at the northern extremity.
All of these eastern and northern boundary currents are under (or adjacent to)
upper-layer currents directed in the opposite direction. Hence, the stage is set
for a baroclinic instability, and it is unlikely that any of these boundary currents
is stable.
The equatorward flow in the interior of the anticyclonic gyres is returned
southward by western boundary currents along the eastern coasts of New
Zealand, Tasmania, and South America, as shown in Fi g. 23.
South of 49°S, the wind-stress curl is negative, hence the Sverdrup transport
is poleward. In the present construction there is a partial cyclonic gyre between
49°S and 57 .5°S. The so uthern "boundary" of the gyre consists of an eastward
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jet that carries the water around the southern tip of South America. The jet
turns northward along the eastern coast of South America as the Falkland Current, and from thi s western boundary current there is an eastward flow into the
interior to close the circulation. In the region south of 55°S, the interior flow
turns southwestward before it joins the j et. Here again, we would expect an
instability that should manifest itself by broadening the jet to absorb the calculated southwestward flow just north of the j et.
South of 57 .5°S there is a self-contained circulation that is made up of two
gyres. Because of the wiggle in the wind-stress curve between 57 .5°S and 62.5°S
(Fig. 2), there is a cyclonic gyre of somewhat weaker intensity just south of
57 .5°S and a stronger cyclonic gyre adjacent to Antarctica. These are separated
by a region of apparently anticyclonic flow toward the east because of the bimodal structure of the cyclonic flows.
A strong westward- flowing boundary current adjacent to Antarctica closes
the cylcone in the south. The transport in the Southern Ocean is a maximum
in our " W eddell Sea" region, where it achieves an amplitude of 2 7 1 Sverdrups.
The reason for such a huge value is that the curl of the wind stress is very large
and it acts on 360° of longitude. The weaker cyclone is closed by the southern
part of the eastward jet along 57 .5°S. The maximum transport here is 174
Sverdrups, and it occurs just at the northern tip of the barrier.
The maxim um transport for the cyclone north of 57 .5°S occurs in the
Falkland Current and has an amplitude that is sli ghtly in excess of 200 Sverdrups. This transport should be interpreted as the flow through the Drake
Passage.
The eastward jet at 57. 5°S transports the water required for the two partial
cyclonic gyres on either side of the latitude. The present study strongly suggests
that this jet should be identified with the Antarctic Convergence. The region
dividing the two cyclones south of 57.5°S is one of apparent divergence and
can be identified with the Antarctic Divergence.
B. MonIFICATIONS. W e have already referred to the probable mixing in the
neighborhood of the surfacing thermocline where the Brazil Current turns
eastward. The mixing generates water of intermediate density, and the boundary between the cold water to the south and this mixed water is the Subtropical
Convergence in the South Atlantic. The Agulhas Current is very strong, and
inertial processes must cause it to overshoot the Cape of Good Hope and mix
with the colder water to the south. Hence, the Subtropical Convergence in the
South Atlantic is fortified in the South Indi an Ocean. The Return Agulhas
Current and the westward-flowing Flinders Current involve a suffici ently large
mass of water to stave off the penetration of cold water northward. Hence, the
boundary between the mixed water of intermediate density and the colder
water farther south appear as the reasonably continuous curve that is referred
to as the Subtropical Convergence. The continuity of the Subtropical Convergence is broken in the vicinity of the Tasman Sea because of the relatively
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bounded region of mixi ng, but the Convero-ence
starts up again near the so uth0
ern tip of New Zealand .
In the eastern South Pacific there are several processes that should lead to a
mass of somewhat colder water. The Peru Current originates far to the south,
and its surface water is cooler than that of the other eastern boundary currents.
Meridional winds will raise the onshore thermocline even closer to the surface
and will also recycle the How in a closed loop somewhat removed from the
equator. H ence, we may expect that the thermal contrast normally used to
identify the Subtropical Convergence is pushed northward.
Inertial proces es must be important in the j et near 5 7.5°S and, as stated
above, we should expect the jet to broaden, shift north, and absorb the southwestward interior Row. The jet would then serve to divide the somewhat
warmer water Rowing southward from the really cold antarctic water on the
poleward side of the jet. H ence, the identification with the Antarctic Convergence is reasonable.
T wo features that must work together to break up the zonal character of
the calculated gyres are the irregular boundary features of Antarctica and the
spatial variability of the wind stress. The wind-stress data are sparse near Antarctica, but there is enough spatial variability in the data to suggest a good deal
of local structure in the current patterns.
The only wind-stress data at 6 7.5°S are south of the southwestern Pacific
and the largest zonal stresses at 62.5 °S are also south of the Pacific. Hence, the
very strong westward jet along Antarctica in our model is really a reflection
of wind-stress data in that region. Note that this longitudinal region is where
the westward- Rowing Polar Current is by far the strongest.

·1
9. Eastern Boundary Currents. The usual treatment of eastern boundary
currents has been to consider them to be a consequence of relatively local longshore winds. 8 I n our analysis we have shown that the thermocline depth variation can be related to the mean structure of the oceans and that eastern boundary
currents are necessary adjustments in a geostrophically balanced system. The
transport distribution in these regions fits into the overall oceanic gyre system.
Hence, the general circulation of the oceans "primes" the eastern boundary regions
and sets the stage for the intense upwelling that is observed in many focal regions.
Local processes ·change the detailed structure and lead to very large quantitative
changes in the amplitude of transport, etc. W e have considered the eastern
boundary layers to be very narrow, but we have shown that these regions connect smoothly to the interior circulation. In this respect, eastern boundary
layers differ quali tatively from western boundary layers. In the latter, the chan~e
from interior to boundary layer region is very abrupt. In the former, the trans18. Wooster and Reid (1962) have discussed the data for several of the eastern boundary cu rrents
and have explored the u se of an index based on Ekman drift to determine whether upwelling should
occur in each case.
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tion to interior Row is so smooth that it may be difficult to define the offshore
limit of the current.
In our study we have encountered several different types of boundary currents in the eastern parts of the oceans. These are classified here according to
the method of formation and the functions they serve.
A. MrnLATITUDE EQUATORWARD CURRENTS (CoNTINUous). The first
category includes the Peru, California, Portugal, and Canary currents. According to the reasoning outlined earlier, the thermocline depth varies continuously
in the meridional direction just offshore of the eastern boundaries of the Pacific
and North Atlantic oceans. We have attributed this variation to horizontal
advection of warmer or colder water that changes the thermocline depth near
the eastern boundaries. Inertial effects may also play a role in the thermocline
depth variation near these boundaries. It is certain that local wind stresses can
affect the curl of the wind stress and alter the depth variation, hence alter the
inflow and outflow regions. Boundary irregularities can also force local adjustments. And finally, longshore winds generate an Ekman drift normal to the
shore; this serves to raise or lower the onshore level of the thermocline significantly.
B. MrnLATITUDE EQUATORWARD CURRENTS (ABRUPT). The Benguela and
the West Tasmanian currents exist, at least in part, because of the abrupt adjustment of the thermocline depth at a latitude that marks a transition from
subtropical to denser water. The depth adjustment gives rise to a Row (almost
a source Row) that is directed equatorward along the eastern boundary because
of overall transport requirements. The Row can be sufficiently intense for inertial processes to be important. There is some indication (Defant 1936) that
this is the case for the Benguela Current. The West Tasmanian Current may
be the product of the idealized boundary structure that has been assumed for the
present study.
C. POLEWARD CURRENTS. The Alaska, Cape Horn, and Norwegian currents are all directed poleward. In that part of the region of formation where
the wind-stress curl implies onshore Row, the analysis is similar to that
for the continuous equatorward currents. Poleward of that region we have
used a different reasoning to show that the zonal Row is still into the boundary layer.
These poleward eastern boundary currents form a necessary part of the largescale circulation. In this simple model, the Row must return to the western
boundary layer via a rather circuitous route. In the model with heating and
cooling, no such return is required, but the function served by the currents is
essentially unaltered. In each case the poleward eastern boundary current has a
significant effect on the separation of the western boundary current from the coast.
Although it is possible to obtain a circulation without these currents, it seems
~o me that it is not possible to obtain the complete picture without taking them
mto account.
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D. C uRRE_NTS ALONG Z ONA L BouN DARIES. Several of the eastern boundary
currents considered so far impinge on zonal boundaries and are returned westward. F or most of these the associated zonal fl.ow simply completes the circuit
required by mass contin uity. The Flinders C urrent is an exception. It is the
result of the onshore fl.ow generated by the Sverdrup transport and achieves an
impressive magnitude. It infl uences the Indian Ocean transports and water
properties and plays an important role in determining the separation latitude of
the A gulhas C urrent.
E . E ASTERN BOUN DARY CURRE NTS NEAR TH E E QUATOR. Although we have
treated the eastern boundary regions of the equatorial waters only approximately, there is little do ubt that eastern boundary currents must be present there
as well. The fl.ow may cross the equator and/or take part in the equatorial
undercurrents.
I O. Western Boundary Currents. W estern boundary layer regions have been
studied extensively since Stommel's (1948) westward-intensification paper, and
some of the important functions of western boundary currents are understood.
However, the present analysis indicates that the global paths of these currents
are determined by gross transport considerations that have normally been neglected in favo r of factors that determine the local dynamics. Analyses of western
boundary currents, in much more detail than we could hope to give in this
treatment, are necessary.
In addition to transport requirements and local topographic features, it is
important to include the type of region into which the western boundary currents fl. ow as well as the characteristics of the waters in those regions. Thus,
the Kurosh io, Brazi l, and New Z ealand currents fl.ow into areas of dense water,
bounded by western boundaries that diverge in the sense that the current can
expand into these regions. The East Australian Current is partially shielded
from the interior, and it is likely also that topographic features, such as the
Lord H owe-New Z ealand Ri dge, must exercise some influence on the fl. ow .
Furthermore, it appears from our preliminary study of the model with heating
and cooling that th is added forci ng shifts the separation latitude northward .
The Agulhas C urrent is unique in that it has an enti re expanse of ocean into
which it can fl. ow as it comes off the tip of South Africa. The development of
the Return A gulhas C urrent is an indication of the strong influence exerted by
overall transport requi rements. But the dynamics of the return has still not been
adequately analyzed, although observational data from this area are increasing.
When the Gulf Stream separates at Cape H atteras, it heads out to sea, but
so does the borderi ng coastline. H ence, the Stream is inhibited from following
a self-determi ned path ; it is also protected from massive intrusions of L aborador
water from the north. This makes the G ulf Stream the warmest and deepest
of the western boundary currents (with the possible exception of the Agulhas)
and gives it characteristic properties that are unique.
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We still have much to learn about the individual western boundary currents
and the manner in which each reconnects with the interior flow. The present
analysis, showing that a separation is determined by easily derived transport
considerations, may make the task easier.
11. The Classification of Convergences. The surface or near-surface temperature in the oceans undergoes relatively abrupt changes over small latitudinal
distances along bands of considerable longitudinal extent. This phenomenon is
associated with the sinking of colder waters and with the formations of subsurface tongues of water having distinct properties. As a result, the regions are
denoted by terms such as Antarctic Convergence, Arctic Convergence, Subtropical Convergence, etc.
From our study here it appears that the established classifications are mislead ing. The Antarctic Convergence is associated with the separation of cold
antarctic water from the warmer waters of the north, and it girdles the globe
along an undulating curve (Sverdrup et al. 1942: fig. 158, Dietrich 1963:
chart 5). There is no northern hemispheric counterpart to the Antarctic Convergence.
North of the Antarctic Convergence, there is a second region of transition
called the Subtropical Convergence. According to our analysis, it represents the
region along which the southward western boundary currents and the associated
warm subtropical waters meet the colder water toward the pole. This identification applies to the entire Subtropical Convergence of the southern hemisphere.
In the northern hemisphere the analogous transition region is termed the
Arctic Convergence (Dietrich 1963 : chart 5). The term Subtropical Convergence in the northern hemisphere apparently refers to regions where the
outflow from the western boundary currents meets water on the equatorial side.
Here it is the relatively abrupt variation in density within the upper layer that
gives rise to the name. There are such regions in the southern hemisphere, but
they are not given a name (Dietrich 1963: chart 5).
1 2. Transports for the World Model. The transport stream function for the
idealized world ocean is sketched in Fig. 24. Latitude and longitude are marked
off in equal units but, as in all of the other figures, the graph is supposed to
represent the distribution on a spherical earth . The sketch in Fig. 24 is meant
to convey only a picture of the overall pattern. For quantitative streamlines,
refer to the earli er figures.
The currents derived in this analysis that can be identified with known surface currents are designated by appropriate abbreviations, more or less consistent
with the nomenclature used by Di etrich (1963). Practically all of the currents
shown in Di etrich's chart 5 are included in Fig. 24. W e have not marked
open-ocean currents, such as the North Pacific Current, the Westwind Drift,
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etc. Also, numerous boundary currents that emerge from the present stud y are
indicated only by dark arrows. A more definitive classification from the theoretical treatment can be made, but that should really be postponed until local
winds and real boundary fea tures are included.
On the whole, the agreement between theory and observation is not bad if
we take into account the extreme simplifications introduced by the idealized
boundaries and zonally averaged zonal wind stresses. The locations of the currents are approximately correct, and in those cases where we have attempted
to analyze the effects of more realistic local features, the corrections provide a
distinct improvement.
The equatorial regions show the greatest discrepancy. The neglect of meridional winds and of boundary irregularities as well as the zonal averaging of the
zonal wind stresses introduce seri ous quantitative changes. However, these corrections can and will be added .
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