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On the wind-driven ocean circulation
by D. E. Harrison 1 and Stephen Stalos 2

ABSTRACT
Nonlinear solutions to the barotropic vorticity equation, forced by steady zonal winds and
damped with a linear friction law, are described. Single and double gyre basins and wind stress
patterns are used. Wind and frictional parameters are chosen to give results with quasi-oceanic
flow scales. Each case reaches a steady equilibrium state, and the steady flow characteristics are
described as functions of the model external parameters. The parameter dependence of flow
characteristics can be explained over a wide range of parameter values with simple scale arguments. Despite the appearance of inertial characteristics, flow properties are shown to be
critically dependent upon the frictional time scale.
Results are very sensitive to basin configuration. When double gyre forcing is used the subtropical gyre flow characteristics are quite different from those of an equivalent single gyre
case, unless the two gyres are nearly antisymmetrically forced. When inertial effects are substantial in a subtropical gyre western boundary current, the total gyre wind input of vorticity
cannot be removed by friction and so the flow must evolve in order that this vorticity can be
removed. In a single gyre basin the flow spins up a recirculation; in a double gyre basin the
boundary current will often be able to remain along the western wall into the subpolar gyre
and there is no need to spin up a recirculating flow pattern. Interior Sverdrup dynamics are
lost at quite modest Reynolds number in single gyre domains, but persist for higher Reynolds
numbers in the nonantisymmetrically forced double gyre cases. Antisymmetrically forced
double gyre experiments are very special in that their behavior is identical to that of a corresponding single gyre case.
Implications for more complex, mesoscale resolution model systems are discussed.

1. Introduction

The modem study of the steady wind-driven ocean circulation is generally held
to have begun with the linear calculations of Stommel (1948) and Munk (1950).
Nonlinear effects in the boundary currents and boundary-connected jets were investigated by Charney (1955), Morgan (1956), Carrier and Robinson (1962),
Veronis (1964) and others. The problem was next examined in parameter regimes
inaccessible to analytical methods via numerical solution of various nonlinear vis1. Department of Meteorology and Physical Oceanography, M.I.T., Cambridge, Massachusetts,
02139, U.S.A. and Goddard Laboratory for Atmospheric Science, GSFC, Greenbelt, Maryland, 20771,
U.S.A.
2. Sigma Data Corporation, Greenbelt, Maryland, 20771, U.S.A.
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cous systems (e.g., Bryan, 1963 ; Veronis, 1966; Blandford, 1971; Briggs, 1979)
and these numerical solutions prompted several efforts to account for observed
characteristics (e.g. , Moore, 1963 ; Stewart, 1964; Niiler, 1966).
Attention soon shifted to more complex questions such as the baroclinic steady
response to wind forcing and the roles of mesoscale variability in the long time
averaged ocean circulation. The most common approach has been to seek numerical
solutions to idealized systems of equations, although see Welander (1975) for a
review of analytical results. Bryan and co-workers have most vigorously pursued the
problem of understanding the global scale baroclinic ocean circulation using numerical models (e.g., Pond and Bryan, 1976). A number of researchers have been investigating the "mesoscale eddy" problem (MODE Group, 1978) via idealized mesoscale
resolution ocean general circulation models (EGCMs) (e.g., Robinson et al., 1979).
We here return to the simplest nonlinear wind-driven ocean general circulation
system, the barotropic vorticity equation driven by steady zonal winds and with
linear bottom friction, previously studied most intensively by Veronis (1966). The
work described here has been motivated by the authors' relative lack of success in
understanding the roles of model mesoscale variability in existing EGCM experiments. Despite the simplicity of the model physics of many of the EGCM experiments, it has proven to be very difficult to establish just what effects the model
mesoscale has had on the model mean circulations. Our plan has been to return to
the very simplest model ocean systems, to increase progressively the model external
Reynolds numbers and to describe and explain the circulations that result. From
such exercises the range of steady solutions possible under different model conditions can be better understood and insight into the critical modeling factors in time
variable solutions is also gained. Several results from the first set of calculations that
produce flows with scales rather like those observed in the ocean have not been
discussed in the literature. These results are the focus of this paper.
This work also provides a sharply defined context in which to examine other,
more oceanically relevant, questions. In particular, the dynamical implications of
choosing different wind stress curl patterns, basin boundaries and vorticity sink
mechanisms are profound, and are clearly seen through the experiments presented
here. In a simple enough model system, the solution behavior can be understood
unambiguously. One must be careful in attempting to generalize results of very
simple systems to the behavior of more complex systems (e.g., Harrison, 1982) but,
with proper attention, simple model results can be very useful.
Section 2 provides a brief review of the model system and the modeling philosophy underlying this work. In Section 3 it is shown that solution behavior in a single
gyre basin and parameter range that produces flows with scales rather like those of
the ocean should not behave as predicted by Niiler (1966), and the flow behavior
in this parameter range is predicted. Numerical experiments to examine the validity
of these ideas are presented in Section 4. Double gyre forced results are presented
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in Section 5 and are shown to be, in general, very different from the single gyre cases
with identical model parameter values. Section 6 offers a brief summary of results
and some efforts to place these results in their appropriate contemporary ocean
modeling context.
2. Background
The barotropic vorticity equation (BYE) has served as the model equation for
many of the classical wind-driven studies. In these studies, a steady solution is
sought in a basin of simple geometry (usually a square of side L) and with a simplified mid-latitude gyre wind stress forcing pattern (usually 't = T., i with T., o: - To
cos(1ry/L)). Attention is directed to the changes in the steady solution as T 0 and
the amplitude and form of the dissipative process are changed.
It is most convenient to discuss the problem in nondimensional form. Following
Veronis (1966), let the basin horizontal dimension be L = 7TA and depth be D, let
the streamfunction scale be T 0 /(f3D), let Fc1

= -k"v 1f, and l e t + curlz't =
2

T(x,y) so that T(x,y) is an 0(1) function. f3 is the variation of Coriolis parameter

with latitude (taken to be constant). The nondimensional steady form of the BVE
is then
(2.1)
with the basin Rossby and Ekman numbers defined to be R = T 0 /(f3 2 DA8 ) and
E = k/({3A). We also take If, = 0 on lateral boundaries. In the limit of very weak
flow (R
0), the solution to (2.1) is that given by Stommel (1948), see Figure la.
The flow away from the western boundary is that discussed by Sverdrup (1947),
with no zonal flow at the eastern wall. Veronis (1966) has shown how the solution
to (2.1) varies as the Reynolds number (R/E) is increased, for Ekman numbers
reasonably large (E ? 0.02). The solution undergoes very significant changes as
nonlinear effects become increasingly important.
A sequence of experiments is shown in Figure 1. The first experiment is nearly
linear (Fig. la); the others have progressively larger Reynolds numbers. Figures le
and ld show flows in which the maximum transport has increased about 50% over
its Sverdrup value (see Fig. la) and in which the Sverdrup interior flow pattern has
been 0(1) modified over at least 50% of the interior of the domain. The last two
experiments shown in Figure 1 (le and f) are of flows in which the maximum transport is roughly two and three times its linear value, respectively, and in which the
Sverdrup interior is no longer visible at all. We feel it is most useful to select a
range of model parameters that produces flows which may be thought of as "quasioceanic"; we focus on those cases in Veronis' (1966) frictional parameter range
which fall into such a classification.
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Figure 1. Single gyre basin steady state transport streamfunction results. See T able 1 for
parameter values. Maximum transport (m•s- 1 ) is given for each case and is used to normalize
each plot.

Recent observational work suggests that there may be a recirculating part of the
Gulf Stream that is much narrower than the basin scale and which carries water
back toward the west (e.g., Schmitz, 1980; Worthington, 1976). Estimates of the
speed of this current are ~ 5 cms- 1 according to Schmitz (1980). Leetmaa et al.
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(1977) suggest that observational estimates of the Gulf Stream transport in the
southern part of the subtropical gyre are plausibly consistent with estimates of the
interior Sverdrup transport, also suggesting that a recirculation, if it exists, may be
confined to the northern part of the gyre. The width of the eastward flowing Gulf
Stream, whether taken to be an instantaneous value or the width of the envelope
defined by the meandering stream, is substantially less than the basin scale, and the
maximum Gulf Stream speed is~ 200 cms- 1 • The range of model parameter space
of interest from the oceanic perspective is that which leads to flows having these
characteristics.
From Figure 1 we see that flows like that of Figure lb, or with Reynolds numbers between that of Figure 1b and Figure 1c, most nearly meet the above criteria.
We wish to understand the dynamics and kinematics of flows in this parameter
range.

3. Dynamics of the single gyre results

In this section .we examine the dynamics of the barotropic vorticity equation in
the part of parameter space discussed above, and concentrate on the functional
dependence of the various solution characteristics on the model physical parameters.
We wish to predict the northern boundary current zonal speed and length scales (U1
and A;), the northern boundary current transport (TN = U 1 A1 D) and the westward
flowing recirculation current speed and length scales (U 1 and A1) as a function of the
model parameter values.
It is useful first to review some simple aspects of the behavior of the western
boundary current (WBC) system. Let L ~ (= 1rA), L 11 and -r. be the east-west and
north-south dimensions of the model gyres and the amplitude 'of the wind stress
curl field. If the interior flow is geostrophic, then the maximum transport of the
WBC is T w ~ -r.L,,//3. If the WBC dynamics are established by friction the width
of the WBC is . Aw ~ k / /3, while if inertial effects dominate, Aw ~ (Uw!f3)l ~
[-r.L,,/(/3 L 11 )P. The two scales are equal when y R = E. These results let us estimate the vorticity loss in the WBC:

f WBckl;d(V ol) ~ kVwL uD

~l
where l; =

-

ax

- . ___!!);_
ay ' V w -

for Aw set by friction

(3.la)

for Aw set by inertia

(3. lb)

T w!(AwD). When friction establishes Aw,

(3.la} shows that the vorticity loss is of the same order as the net vorti<:;ity input
from the wind. However, when inertia sets the scale of the WBC, not all the vorticity put in by the wind will necessarily be removed in the WBC; from (3.lb) it is
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clear that reducing either the bottom friction or the depth of the basin will lead to
diminished vorticity loss in the WBC. It is the inability of the WBC to rid itself of
all the vorticity put in by the wind that leads to new types of behavior along the
northern boundary.
We have established the need for a northern boundary current (NBC) when yR.
> E; now consider the characteristics of this part of the flow. For yR >> E we
may expect that the bulk of the vorticity loss will occur in the NBC, or that
1

f NBC k(d(Vol) ~ f Basia D

So long as the flow has boundary layer character, we may take {
which leads to
UJ

~

(3.2)

curlz 't d(V ol) .

~ U1/'A.1 in (3.2),

Ly~
k D .

(3.3)

With fixed basin size and bottom drag coefficient, (3.3) says that the NBC speed
should vary directly with curlz (-r)/D. Note that (3.3) does not require any assumptions about the dynamics of the NBC relating U1 and X;, or about the flow in the
interior of the basin; we differ from Niiler (1966) in these respects.
To understand the behavior of 'A.1, consider the vorticity equation in the NBC
region and again take { ~ UJl'A. 1 there. The curl of the wind stress is negligible near
the northern boundary, so the nondimensional vorticity equation for the NBC is
u' iJ('
ox

+[

V;'A. ] v' 0'1
U;'A. 1
iJy

+[

{3V;X>.. 1 ] v' = -[ kX ] '1
U/
U;

(3.4)

where primes denote nondimensional variables assumed to be order unity. Consider
each of the nondimensional coefficients in (3.4). li we define a "friction speed,"
U., by
U. =k>..
(3.5)
then friction cannot be neglected unless U; >> U•. For most of the Veronis (1966)
calculations, U. ~ 60 cms- 1 • Thus only for flows in which the NBC speed is several
times greater than the maximum surface Gulf Stream speed of ~ 200 cms-1, will
friction be negligible. Mass conservation requires that V 1>.. be the same order as
V 1 >..f> so both nonlinear advection terms should enter the balance. The last term,
advection of planetary vorticity, is order unity so long as
(3.6)

~

and negligible only if V 1 is very much smaller than U//(/3>..>..1). Using u,
100
cms-1, >..1 ~ 10 1 cm and 'A. ~ 108 cm in the continuity constraint and (3.6) we find
that V, ~ 0.2 U/j(/3H;), suggesting that the f3 term cannot be neglected, although
it should not be dominant.
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Thus, (3.4) is the appropriate vorticity equation for the NBC behavior of interest,
and holds the key to the dynamics underlying Aj. First note that a balance between
advection of relative vorticity and friction occurs if

X.1 ~ V 1/ k
Using (3.7) in (3.6) gives V;

(3.7)

~ U1 [k/ (X.,B)P or
x., ~ U/ (k,BX.)1 .

(3.8)

We should expect (3 .8) to hold so long as Vi is not much larger than u ..
Another possible balance holds when u, >> U ., so that friction can be neglected
in the point balances. For this classic nonlinear case, (3.4) gives

U-)! .
x., ~ (-t

(3.9)

The transition between inertial-frictional dynamics in the NBC (3 .8) and free inertial dynamics (3.9) takes place as U1 increasingly exceeds u., but U1 remains constrained by (3.3) so long as the NBC region is the primary vorticity sink.
We can use (3.3) with (3.8) and (3.9) to predict how the northern boundary current transport should depend on the model parameters. If the NBC speed does not
dominate u., the transport comes from (3.3) and (3.8)
TNBC

~

7
;

2
[

k~; T

(3.10)

while in the inertially dominated NBC regime, (3.3) and (3.9) give
TNB C

~[

),._ 37 .3

k 3,BD

]l

(3 .11)

The two regimes are quite different. If the Rossby number is changed by altering
the basin depth alone, the first regime predicts that the transport will be inversely
proportional to D and in the inertial regime it will go as D 1l 2 • Note also the difference in sensitivity to T• and kin the two cases.
If all of the NBC flow is to recirculate as a westward zonal current of speed Vt
and meridional length scale At, then continuity requires that Vt ~ U,X./At. When
the recirculation is inertial in character, so that At ~ (Utl ,8) 11 2, continuity then gives
Vt~ [U,A1,B 1 12 p 13 and so At~ (U1A1/,B) 1! 3 _
Consider now some single gyre experiments to see if the results of this section
are borne out by detailed solutions of the model system.

4. Some single gyre results
In this section we examine the results of numerical solutions of (2.1), in the
parameter range of interest. Numerical and computational aspects of the solution
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T able 1.
Experiment

R

E

1
2
3
4
5
6
7
8
9
10

.010
.Q20
.025
.Q30
.035
.040
.045
.050
.10
.20

.05

in every case:

Ui(ms- )

.>..i(km)

0.8
1.5
1.8
2.2
2.6
2.9
3.1
3.8
8.0
16.0

55.
80.
95 .
115.
140.
160.
190.
200.
330.
420.

1

2

D

t/l ma x

x 10----'
1
2
2.5
3.0
3.5
4.0
4.5
5.0
10.0
20.0

T

(X 10• m•s-

1

)

9.0
9.9
11.9
14.0
16.1
18.3
20.4
22.5
37.1
46.1

k = 6.5 X 10-1 s-1
f3 = 2 X 10-13 s-1

7rA = 2 X 10°m

technique are standard (see Veronis, 1966). We use parameters in the general range
considered in Veronis (1966) : L = 2 X 10 8 cm, /3 = 2 X I0- 13cm- 1s- 1 , T(x,y) =
-sin x sin y, k = 6.5 x 10- 1 s- 1 , and we let To/D range between I0- 4 and 20 X
10- 4 dyne cm- 1 (R = 0.01 to 0.20). Attention is concentrated primarily on the
range 1 to 5 x lQ- 4 dyne cm- 1 • Table 1 lists ten experiments that have been carried out.
Figure la presents normalized transport streamfunction (t/JT / t/Jmax7) results from
a very weakly nonlinear case (R = 10- 6 ) that gives the interior Sverdrup solution
and frictional western boundary layer for later comparisons. t/JmaxT values are given
for each case in Figure 1. Five plots of tt,T from Table 1 experiments are shown as
Figures lb-lf. Values for A; in Table 1 are average estimates of the distance from
the tt,T = 0.8 streamline to the northern boundary, and U1 estimates were obtained
from 0 .8 t/lma:l / (D"ll.;).
It is informative to examine plots of the transport field departure from linear
viscous dynamics, tf,11,
(4.1)

where tt,L is the linear viscous solution (R = 0). Figure 2 presents plots of tf,11 for
the cases of Figures lb-ld; as before, each plot has been normalized by its maximum value, t/lma,.V, which is indicated on the figure. The results shown in Figure 2
clearly reveal the characteristics of the northern gyre recirculations that result from
increasing the Rossby number in this system. These recirculations are nearly zonal
flows (at least away from the eastern and western basin boundaries), are intense
and eastward near the northern boundary and are more diffuse as they return to
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Figure 2. "Departure" streamfunction (,JI') results for some "quasi-oceanic" cases (see text).
,JI' represents the difference between the steady state transport streamfunction and the linear,
viscous solution.
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Figure 3. Scatterplot of 'i.1 2,JI' + f vs 1/Jn for case 4 of Table 1. Every grid point is plotted. Note
that there is limited tendency toward 'il' lf;n + f = Function (,JI'), which is the Fofonoff (1954)
inertial solution.

is
the west somewhat to the south of the NBC. A scatterplot of 'y' 2 ~ + f vs
shown for experiment 4 in Figure 3. Note that the flow does not tend to satisfy
'y' 21f!D + f = Function (I/Iv), which is the Fofonoff (1954) solution to the free inertial problem.
To better examine how the solutions vary as the model parameters change, consider Figure 4. Figure 4a displays the width of the northern jet, >..;, as a function of
the speed of the jet, U" and shows that
(4.2)

for U; between ~100 and ~500 cms - 1 • According to Section 3 this is to be expected, since u. = 60 cms- 1 for these flows. Figure 4b displays U; as a function of
Ross by number (in fact, of r ol D, because all other parameters have been fixed),
and shows
(4.3)

over the entire range of parameters examined. This is as predicted by (3.3). Now

1982]

Harrison & Stalos: Wind-driven circulation

783

500
400

(a)

E
-"'

300

¼-

200

,
.,.
,•'

,*

100

.·•

!'/*

O O~---c2c-=0~0~40,,..,0,....._6,..,0~0...c....,.80-!c-Oc-'--l-='00~0J...._12i.,0~0~1_,4~00,...___16-'-0-0U j (cms- 1)

*

1500

(b)

'

1000

"'E
u

:::>

500
400
300
200
100

j,.*
*

I

*

*
*
*
**
2 4 6 8 10
T0

20
/ 0 xl 0 4

Figure 4. Comparison of northern boundary current characteristics with predictions of Section
3. (a) Width of current (L 1). vs speed of current (U 1) . (b) Speed of current (U 1) vs forcing
(Toi D).

consider the maximum transport (Table 1). In these cases r 0 has been held constant
and D varied to change the value of R. For R between 2 X 10- 2 and 5 x 10- 2 ,
t/lma,? increases like D- 1 , in accordance with (3.10). For R > 5 x 10- 2 , t/lmu?
increases like n- 1 12 , which is predicted for the inertial regime (3 .11). The results
of Section 3 very satisfactorily explain the behavior of these calculations.
Before leaving these experiments, consider how the vorticity equilibration takes
place in each flow. Figure 5 displays the tf,T field for experiment number 4 (R =
0.03), with a set of regions superimposed. We have evaluated integrals of the terms
in equation (2.1) over these regions for each experiment in Table 1. In past regional
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INTE

Figure 5. Regions selected for regional vorticity budget analyses (Table 2), superimposed on
case 4 streamfunction (see text).

analyses (e.g., Harrison and Robinson, 1978; Harrison and Holland, 1981) regional
boundaries were established by the different parts of the mean flow. The regions
selected here represent a compromise because the boundary layer characteristics
change considerably from experiment to experiment, but these regions do not mix
together dynamically different parts of the flow until the Rossby number exceeds
0.05. Table 2 presents the results of these regional integrations, where the following notation has been introduced for the term integrals:
NL= f .,l(tf,,"'v 2 tf,) dV

(4.4a)

8tf,
B = fv/3 ax dV

(4.4b)

= f .,-k"'v tf,dV

(4.4c)

F

W=

2

1

f.,-Dcurl ..-rdV.

(4.4d)

Because the wind stress curl is not changed in the different experiments, regional
integrals of it are only presented once, with the linear reference calculation (R =
10-a).

The linear frictional case (R = 10- 6 ) clearly illustrates the "classical" balances:
in the western boundary current, friction and beta balance, while elsewhere beta and
the wind curl nearly balance. As the Rossby number increases, the WBC budgets
show increasing nonlinear term contributions, with nonlinear transports and friction
balancing beta. Even in the most nonlinear case listed (R = 5 x 10- 2) friction re-

::i::
I:)
1:;·
C)

;:i

T able 2. Regional vorticity budgets (see text).
Region :/
term
WBC
NW
NBC
RECIRC
INTE
INTW

w
- 1.3
- 0.4
- 5.2
- 17.6
-24.6
- 50.9

NL

R=lO-e
F

R<>

R=10-•
B

71.9 -70.5
21.8 -21.3
0.3
4.9
16.5
1.1
-1.1
25.7
6.1
44.8

NL

F

B

31.3 34.8 -64.6
2.1 33.4 -62.5
-40.7 31.2
14.7
0.9 -3 .7
20.4
0.0 - 1.1
25.7
3. 6
8.4
39.0

R=3 x 10-•
F
B
NL
38.7
26.8
-59.1
-21.5
-5.2
19.5

20.2
21.3
45.6
10.2
-3 .1
6.7

-57.5
-47.7
18.7
28 .9
32.9
24.6

R=4 Xl0-'
NL
F
B
41.9
32.2
-5 7.3
-31.0
- 18.5
33.1

17.1 -57.2
18.5 -50.3
43 .7
18.7
17.0
31.6
-2.8
46.0
6.7
11.2

R=5 Xl0-2
NL
F
B
44.5
35.5
- 54.3
-37.7
-37.2
49.3

15.2
16.6
41.1
22.1
-2.4
7.6

-58 .2
-51.9
18.4
33 .2
64.0
- 5.8
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mains nontrivial in this region. The northwestern comer budgets show the same
type of behavior as those of the WBC region, and friction is always present in the
lowest order balance.
The net nonlinear transport of relative vorticity into the northern boundary current region is the leading term in all of the NBC budgets. The frictional term dominates the beta term, and provides the basic balance. The RECIRC region budgets
go through large changes. For R = 10- 2 the balance is still basically wind vs beta,
as it is in the linear case, but by R = 5 X 10- 2 NL is the largest term in the
RECIRC budget. For R > 10- 2 , nonlinearity and wind together balance beta and
friction.
Over the entire basin, let the wind stress curl vorticity input to these flows be 100
units. Where does the frictional vorticity loss occur to balance this input? In the
linear case, 72 % is lost in WBC, 22 % is lost in NW and a negligible loss occurs in
NBC and the interior. For R = 3 x 10- 2 the figures are 20%, 21 % and 46%
and for R = 5 x 10- 2 they are 15%, 17% and 41%. (For R = 5 x 10- 2 it is
best to examine the loss in NBC + RECIRC, as A; is greater than the width of
NBC; doing this gives 63 % .) Frictional loss in the NBC + RECIRC increases as
the Rossby number increases up to 3 X 10- 2 and then remains relatively constant
(at ~60%).
These vorticity budget results provide an interesting perspective on these flows.
They show that Niiler (1966) was on the right track when he chose to emphasize
vorticity loss in the total boundary current system as one of the essential components
of the equilibrium physics. As the Section 3 results show, the flow in this parameter
range in this basin can be understood largely by assuming that the primary vorticity
sink is the NBC region. Note however that the flow characteristics do not agree with
the predictions of Niiler (1966).
To examine how special these single gyre experiments are, consider next some
experiments with more than one wind-forced gyre.
5. Double gyre experiments

Veronis (1966) showed that the western boundary current could, in nonlinear
cases, continue along the western boundary into a region of zero wind stress curl.
Evidently the behavior of our model system can be profoundly altered by changing
the characteristics of the basin relative to the wind stress pattern. In this section we
present several experiments with two-gyre wind forcing, carried out in basins of
twice the previous north-south dimension, to illustrate more fully the effects of removing the northern boundary of the subtropical gyre and of varying the amount
of positive vorticity put into the subpolar (northern) gyre by the wind.
a. Antisymmetric wind forcing (TN = - Ts). It has been common in recent eddyresolving numerical ocean circulation experiments (e.g., Holland, 1978) to force
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Figure 6. Double gyre basin steady state strearnfunction results, with different amounts of vorticity put into the northern (cyclonic wind stress curl forced) half basin for E = 0.05 and (a)
R = 10--0 (linear, viscous), (b) R = 2 X 10-2 (moderately nonlinear).

the model oceans with mirror-image wind stress patterns (antisymmetric about the
mid-basin zero wind stress curl latitude), with an idealized subtropical gyre in the
southern half of the domain and a subpolar gyre in the northern half. Several of the
experiments of Section 4 were repeated in this fashion, and the solution within the
subtropical gyre was found to be identical to that found in the Section 4 case in
every instance. The subpolar gyre solution was simply minus unity times the subtropical gyre solution. This result holds even for the most nonlinear cases examined
in Section 4.
(TN = -1 / 2 r 8 ). Next, several experiments were carried out in which the northern gyre was forced with minus one-half the value of the
southern gyre forcing. Figure 6 shows two streamfunction fields from these experi-

b. Half-strength northern gyre
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ments. In the linear case (R = 10- 6 ) the two gyres appear exactly as they would
if a boundary had been inserted between the two systems. However, a moderately
nonlinear case (R = 2 x 10- 2) shows several interesting features. First, comparing
this result with the solution in the single gyre basin case (or in the antisymmetrically
forced double gyre basin case) reveals that the intense eastward jet across the basin
with its associated recirculation, which together alter the Sverdrup interior balance
over more than half the gyre, no longer are found. Instead the western boundary
current of the subtropical gyre intrudes more than 1/3 of the way up into the northern gyre (thereby forcing the northern gyre western boundary current to separate
from the boundary) and then turns southward to return to the southern half basin.
There is overshoot as it enters the southern half of the basin and a standing wave
pattern exists in the northwestern part of the southern half basin. The Sverdrup
interior solution holds over much more of the interior than in the single gyre case.
c. No curl in northern basin (TN = 0). Lastly we consider the effects of no curl at
all in the northern basin, cases akin to those done by Veronis (1966). Figure 6a
(R = 10- 6) shows that the subtropical gyre linear solution is identical to earlier
linear solutions. However, the R = 2 X 10- 2 case (Fig. 6b) shows the behavior
found above (with TN= -1/2 T s ) to be even more exaggerated. The subtropical
gyre western boundary current extends two-thirds of the way into the northern half
basin, before reversing and plunging southward back into the southern half basin.
Its first southward flowing segment is somewhat weaker than in the TN = -1/2 Ts
case, but the standing wave pattern in the subtropical gyre is very similar in the two
cases and so is the maximum transport.
d. Remarks. Except for the antisymmetrically forced cases, double gyre basin experiments with yR > e show very different flow patterns in the subtropical gyre
from those found with the same R and e in the single gyre basin cases. Because the
subtropical gyre western boundary current can cross the zero wind stress curl latitude (mid-basin) and continue up into the subpolar gyre, the subtropical gyre vorticity budgets are fundamentally different in the larger basin experiments. Simple
vorticity budgets for two experiments are given in Table 3. From Table 3 it is clear
that the subtropical gyre equilibration depends importantly on the nonlinear transport of negative vorticity out of the subtropical gyre and into the subpolar gyre. In
each case in Table 3, the export of negative vorticity is of the same order as the
amount of vorticity lost to friction within the subtropical gyre part of the basin. Of
course the subpolar gyre vorticity budgets are also strongly affected by the influx
of negative vorticity from the subtropical gyre, as is also shown in Table 3.
Because vorticity equilibrium can be attained without having to spin up an eastward mid-basin (in the double gyre basin) jet and its associated recirculation, the
maximum subtropical gyre transport strearnfunction remains nearly equal to that
of the linear cases. Apparently the strong recirculating system is generated only
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= 0.05, R = 0.02).
Experiment
1

Region

Term

Subtropical
gyre

Wind
Friction
Advection

-100
58
42

-100
58
42

Subpolar
gyre

Wind
Friction
Advection

50
8
-42

0
42
-42

Tx= -

2

Ts

TN=O

when no other equilibration mechanism is possible. The antisymmetrically forced
double gyre system is seen to be a very special case indeed. We shall return to this
topic in the following discussion.
6. Discussion
A series of moderately nonlinear experiments (R :0.01
0.2, e = 0.05) has been
carried out in a single gyre basin and the fl.ow characteristics described as a function of the externally chosen model parameters. The flow cases most like the ocean,
in the sense that the near-surface eastward "Gulf Stream" speeds are 0(200 cms- 1 )
and the "Gulf Stream" widths are 0(100 km) have been examined. A simple scale
analysis of the western and northern boundary current regions reveals the functional dependence of the flow characteristics (Section 3), and is confirmed by comparison with the experiments (Section 4). For these experiments, friction will be
important in the northern boundary current in these flows unless the speed is nearly
500 cms- 1, while the constraint for other friction parameter choices is U1 >> U. =
k"A (Section 3). This is one of the first examples of a simple nonlinear closed basin
ocean model system whose response to a change in external parameters can be predicted quantitatively. The results of Section 3 satisfactorily describe the solution
properties over a wide range of parameter choices. Because the permitted variety
of model physical processes is so small, the physical behavior can be understood
quite simply.
How does this work help us address the modeling questions mentioned in the
introduction? These experiments, because of their simplicity, might be thought to
be basically irrelevant to understanding the behavior of the more physically complex
EGCM model systems. We believe this is not the case, for a number of reasons.
Most recent EGCM experiments have been carried out with adiabatic quasigeostrophic models (e.g., Holland, 1978), and there are some strong correspondences
between these two models. In particular, it can be shown that there can be no basin
net transfer of vorticity to the lower layer in equilibrium in these experiments (Har-
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rison, 1982). Thus, whatever the mean flow in the deep layer of these calculations,
it cannot play an important role in the vorticity equilibration process of the system.
Also it is straightforward to show that, for experiments forced as relatively weakly
as those of Holland (1978), the upper layer vorticity equation is almost everywhere
the same as for the barotropic vorticity equation (BVE) with domain depth equal to
the quasigeostrophic model upper layer depth (Harrison, 1982). Thus understanding the equilibrium of a comparable BVE system is quite relevant to understanding
the upper layer flow of quasigeostrophic experiments similar to those recently published.
Of course the published EGCM experiments have not used the linear frictional
mechanism adopted here, but the general ideas concerning vorticity loss in the WBC,
transport of vorticity between wind-driven gyres as an equilibration mechanism
and the circumstances under which strong eastward jets and their recirculations are
forced to appear all have relevance beyond the particular details of the experiments
discussed here. In particular, these results suggest that the recent antisymmetrically
forced EGCM experiments are rather special flows, in that their eastward flowing
strong jets would be very different if a significantly different wind forcing pattern in
the model subpolar gyre was used. If the forcing antisymmetry were relaxed, these
results also suggest that the eddy transport of relative vorticity between the two
gyres found by Harrison and Holland (1981) might be largely replaced by mean
flow transport. The assumed forcing antisymmetry demands that the EGCM flows
become unstable in order to reach equilibrium, since there can be no net lower layer
vorticity loss, no mean flow transport of vorticity between the gyres is possible and
it is evident that the vorticity loss to friction in the western boundary current cannot balance the wind input to each gyre.
This work describes the equilibration physics of the BVE with linear bottom
friction as the only dissipation mechanism. Changing to another type of dissipation
mechanism will fundamentally alter the character of the equilibration process, as
Niiler (1966) has discussed. In later work we shall describe BVE equilibration using
the two other types of frictions that have been widely used - eddy viscosity and
biharmonic friction (see Holland, 1978) - in the range of viscous coefficients and
boundary conditions that lead to quasi-oceanic upper ocean speed and length scales.
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