JuLy 2005

Reevaluating the Roles of Eddies in Multiple Barotropic Wind-Driven Gyres

Massachusetts Institute of Technology—Woods Hole Oceanographic Institution Joint Program in Oceanography and Ocean

FOX-KEMPER

BAYLOR FOX-KEMPER

Engineering, Woods Hole, Massachusetts

(Manuscript received 3 December 2003, in final form 13 December 2004)

ABSTRACT

Multiple-gyre ocean models have a weaker mean subtropical circulation than single-gyre calculations with
the same viscosity and subtropical forcing. Traditionally, this reduction in circulation is attributed to an
intergyre eddy vorticity flux that cancels some of the wind input, part of which does not require a
Lagrangian mass exchange (theory of dissipative meandering). Herein the intergyre eddy vorticity flux is
shown to be a controlling factor in barotropic models at high Reynolds number only with exactly antisym-
metric gyres and slip boundary conditions. Almost no intergyre flux occurs when no-slip boundary condi-
tions are used, yet the subtropical gyre is still significantly weaker in multiple-gyre calculations. Sinuous
modes of instability present only in multiple gyres are shown here to vastly increase the eddy vorticity
transport efficiency. This increase in efficiency reduces the mean circulation necessary for equilibrium. With
slip boundary conditions, the intergyre eddy transport is possibly much larger. However, with wind forcing
relevant for the ocean—two unequal gyres—a mean flow flux of vorticity rather than an eddy flux between
the regions of opposing wind forcing is increasingly important with increasing Reynolds number. A physical
rationalization of the differing results is provided by diagnosis of the equilibrium vorticity budget and eddy
transport efficiency. Calculations varying 1) boundary conditions, 2) sources and sinks of vorticity, 3) eddy
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transport efficiency, and 4) the degree of symmetry of the gyres are discussed.

1. Introduction

Since the introduction of frictional western boundary
current models by Stommel (1948) and Munk (1950),
less viscous models capable of producing strongly west-
ern-intensified flows have been sought. Reducing the
friction while maintaining a realistic circulation is a dif-
ficult task. The ocean is a forced—dissipative system, so
purely inertial theories (e.g., Fofonoff 1954; Charney
1955; Carrier and Robinson 1962) are unable to close
the budgets of energy and vorticity and determine the
circulation strength for a wind-driven ocean.

This paper focuses on the mechanisms by which the
vorticity budget' is closed in a number of related highly

! The energy budget is not as easily handled, as energy input is
solution dependent (Scott and Straub 1998) and energy fluxes are
difficult to define (Plumb 1982). In practice, much of the energy
analysis is redundant with vorticity analysis (Fox-Kemper 2003).
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nonlinear barotropic models. A contrast is drawn be-
tween the vorticity dynamics of models with single-gyre
wind forcing (vorticity input always negative) and mul-
tiple-gyre wind forcing (vorticity input of both signs).
Different boundary conditions and frictional operators
are also shown to have meaningful effects. Analysis of
the vorticity budget proves a powerful tool in the oce-
anically relevant parameter range far from the onset of
instability.

A fixed-depth barotropic model is used, which obeys
the nondimensional vorticity equation, (1):

¢ I 2 3
5 + V- &g+ &ul — &6,V + V) =wge, (1)

where

=V
The variables s [streamfunction: u = (—ad/dy, d/ox)]
and { (relative vorticity) are determined during integra-
tion. The calculations are differentiated by the values of
the parameters: §, (Charney 1955: inertial boundary
layer width), 8¢ (Stommel 1948: frictional boundary
layer width), and 8,, (Munk 1950: frictional boundary
layer width). A unit vector in the zonal direction is X.
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All of these widths are relative to the zonal basin ex-
tent. The time mean of (1) yields

V- &+ sl + sl — 85,V + 8V =wp.  (3)

Overbar denotes a mean, and primes denote perturba-
tions about it. Following Haynes and Mclntyre (1987),
note that (1) and (3) are in flux form, and so vorticity is
neither created nor destroyed between its input by the
wind (wj) and its removal through the basin walls by
either lateral or bottom friction. The fluxes in the
square brackets will be called respectively B flux, mean
flux, eddy flux, lateral friction flux, and bottom friction
flux.

Consider for a moment a time mean calculated over
a time interval longer than the eddy time scales, but
shorter than the total postequilibration time interval. If
the vorticity fluxes are not in balance, as during spinup,
then a circulation adjustment must occur since the vor-
ticity contained within a mean streamline (where § =
) is directly related to the circulation about the
streamline, I":

IT| = fjvztpdA = 3ng!f'ﬁds =[wlL. @)
V=i e

If the vorticity contained increases, either the mean
velocity magnitude (|{z7)|) increases or the length of the
mean streamline (L) increases. (The angle brackets de-
note the average value along the streamline.) Vorticity
trapped between two streamlines has a similar effect on
the difference in circulation of the two streamlines. In
this sense, the transport and pooling of vorticity con-
trols the circulation strength. For the remainder of the
paper, the time mean will be considered to be taken
over the second half of the total integration, thus after
equilibration.

Many fluxes play a role in balancing the vorticity
budget within each streamline and within the entire
basin. In the basin interior, away from the boundary
currents and recirculations, the Sverdrup (1947) bal-
ance often dominates (i.e., the wind input balances the
B flux divergence). However, the 8 flux cannot trans-
port net vorticity across a closed mean streamline, as
integrating (3) indicates:

\(ﬁ ('l + 8V — 83,V -hids = ff wgrdA. (5)
"ll( Ezwc
The B flux can affect the vorticity distribution within a
mean streamline, but it cannot reduce or increase the
total. The same is true for the mean flux; only the fric-
tional and eddy fluxes can affect the total. At the
streamline coinciding with the basin boundary only fric-
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tional fluxes can act to ultimately remove any net vor-
ticity input as 0 = u’ - fi at the boundary.

To achieve (5), either frictional fluxes or eddy fluxes
must act prominently somewhere along every stream-
line enclosing a net source of vorticity (as noted by
Niiler 1966). The nondimensional parameters antici-
pate which fluxes are expected to be important in
this process; the frictional widths, §,, and &g, can be
compared to the inertial width, 5, A boundary layer
Reynolds number (Re = §;/83,) is useful in this com-
parison.?

When the Reynolds number is less than 1, frictional
effects are expected to dominate in the boundary cur-
rent. For example, in the Munk (1950) problem where
Re = 0, a B flux receives the wind vorticity input [Sver-
drup (1947) balance] and transports it westward to the
boundary current. There it is exchanged to a frictional
flux and removed from the basin. If 0 < Re = 1, then
the B flux and mean flux combine to transport the wind
vorticity input to the frictional region of a western
boundary current, in that case a visco—inertial boundary
current.

Even though eddies may be present, eddy vorticity
fluxes are weak when Re = O(1). In this regime, many
useful studies exist of steady solutions (Moro 1987,
1988; Cessi and Ierley 1990; Ierley and Sheremet 1995;
Speich et al. 1995; Primeau 1998) and the onset of time
dependence through unstable perturbations about the
mean (Moro 1990; Speich et al. 1995; Sheremet et al.
1997; Dijkstra and Katsman 1997; van der Vaart et al.
2002). Low-frequency variability onset is particularly
interesting (e.g., Berloff and Meacham 1998; Berloff
1998; Nauw and Dijkstra 2001; Chang et al. 2001) and is
related to the onset of gyre symmetry-breaking modes,
a subject that will be important here. However, since
these analyses begin with a steady solution where eddy
fluxes cannot contribute, only the existence of eddies
can be studied, not the effects of eddy fluxes on the
equilibrium flow.

The focus here is on Reynolds number greater than
1, where inertial and eddy effects are expected to domi-
nate. The boundary layer Reynolds number relevant
for oceanic flows is likely to be O(10-1000).> In this
regime, II'in and Kamenkovich (1964) and Ierley and
Ruehr (1986) demonstrate that a steady western
boundary current cannot exist. Heuristically, the sea-

2 Other authors use a basin-dimension Reynolds number that is
a factor of L/§; larger.

3 The Reynolds number depends on what the model friction
represents, e.g., eddy viscosity or proxy for bottom topography,
and is best taken as a model-specific quantity rather than a mea-
surable quantity.
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ward portion of the visco-inertial boundary current
does not enter the frictional sublayer and thus cannot
dissipate enough relative vorticity. Thus, in this highly
nonlinear regime, equilibrium occurs by 1) the current
becoming unsteady (Edwards and Pedlosky 1998; Fox-
Kemper and Pedlosky 2004), 2) formation of a recircu-
lation gyre (Ierley 1987), or 3) vorticity exchange with
an opposing wind forcing region (Harrison and Holland
1981; Marshall 1984). In case 1, eddy fluxes transport
vorticity across closed interior streamlines to a fric-
tional region nearer the boundary, thus eddy fluxes sat-
isfy (5) for interior streamlines and frictional fluxes do
so for near-boundary streamlines. This process will be
called an eddy flux to the frictional sublayer, and results
in a boundary current where eddy fluxes are important
at first order (Fox-Kemper 2004). In case 2, the stream-
lines are rearranged—which also affects the frictional
and eddy fluxes—and thereby (5) is satisfied. For ex-
ample, contact of the recirculation gyre with the eastern
boundary radically changes the source of frictional vor-
ticity and the eddy fluxes (Fox-Kemper and Pedlosky
2004). In case 3, vorticity is transported from a region of
vorticity input to a region with opposing input, and thus
the net burden is reduced. This reduction can occur
either by intergyre mean flux, where the mean stream-
lines move to enclose opposing wind input, thus reduc-
ing the right-hand side of (5), or by an intergyre eddy
flux, where eddies flux vorticity across mean stream-
lines (Harrison and Holland 1981; Marshall 1984). An
intergyre eddy flux does not require a permanent ex-
change of fluid; Lozier and Riser (1990) propose that
dissipative meandering also occurs, where fluid is tem-
porarily exchanged and acted on by dissipation before
returning.

A large feedback from eddies to the mean flow re-
quires determination of the eddy fluxes to find the
mean flow, but the eddy fluxes prove rather sensitive
and subtle, even in a barotropic model. Thus for sim-
plicity, baroclinic and topographic effects are ignored
here, although they are undoubtedly significant (see
Ghil et al. 2002; Berloff 2005; Marshall and Stephens
1998; Griffiths and Veronis 1997; Griffiths 1998; Becker
and Salmon 1997; Hughes and de Cuevas 2001). The
simplicity of the models used here allows for careful,
well-resolved study of a higher and wider range of
Reynolds numbers than is possible in more inclusive
models. The more extensive analysis of the barotropic
model readily extends to understanding more complex
models.

Though simple, the barotropic model has rich eddy
dynamics. Eddy fluxes are often assumed to behave
similarly to frictional or “eddy viscosity” fluxes, mixing
more where mean gradients are largest. Yet in this
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model, the location of the largest gradients in the mean
vorticity do not coincide with the largest eddy fluxes
because the largest gradients act as barriers to eddy
transport (Bower and Lozier 1994; Rogerson et al.
1999; Yuan et al. 2004). Heuristically, eddy viscosity
treats eddy mixing as an analog to the mixing by mol-
ecule movement. However, molecules are similar to
each other and have only limited interaction, while ed-
dies have structure and interaction with each other and
the mean flow related to their origin as an instability of
the mean flow. Here, eddy structure and interaction are
demonstrated to have a pronounced effect on the eddy
fluxes. Also, the diagnostic separation of the flow into
“eddy” and “mean” contributions understates the po-
tential interchange of the eddy and mean fluxes (a good
discussion on dynamically based categorization is Ber-
loff 2005). As the model obeys (1) not (3), the model
need not recognize the averaging done in postintegra-
tion calculation of (3). It is demonstrated that with a
change of boundary conditions or gyre symmetry the
role played by the eddy fluxes may go to the mean
fluxes. Thus resolved eddies have a rather different re-
sponse to parameter changes than frictional or eddy
viscosity fluxes.

Much of the action of eddy fluxes can be diagnosed
with an eddy efficiency. Eddies are both formed by and
destroyers of shear, so what equilibrium is struck is a
function of how efficient the eddies are at mixing away
the shear versus how unstable the shear is. A quantita-
tive measure of eddy efficiency can be constructed by
comparing the eddy fluxes to the frictional fluxes, simi-
lar to the Nusselt number of thermal convection. The
measure is defined as a ratio of integrals of fluxes across
a mean streamline ()

§ ('l + 8V — 83,V0) - i ds

Nug(,) == . (6
fﬁ (8, — 83,V0) - i ds

e

These integrals are calculated easily and accurately as
area integrals of the flux divergence (using Gauss’s
theorem) and, if more convenient, u may be substi-
tuted for u’{” since the uZ contribution vanishes due to
the region of integration:

j j V- (8l + 8V — 83,V0) dA

Nu,(p,) ==

Y (7)
f f V- (8;V — 83,V0) dA

b=y
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This definition naturally and uniquely selects for the
divergent eddy fluxes and ignores the rotational fluxes
(Fox-Kemper et al. 2003). For each mean streamline,
Nu, compares the total amount of cross-streamline vor-
ticity flux to the purely frictional flux.* If the eddies are
inconsequential, this number will be one. The more ef-
ficient the eddies are at fluxing vorticity across stream-
lines and reducing vorticity gradients, the larger Nu,
becomes. If the eddies are working upgradient (against
the friction), then Nu, is less than one. More discussion
of cross-streamline fluxes and Nu, can be found in Fox-
Kemper and Pedlosky (2004).

The following section provides details about the nu-
merical model and forcing used. The next section pre-
sents and analyzes the numerical results of the calcula-
tion and is broken into thematic subsections comparing
different sensitivities of the eddy fluxes. The final sec-
tion summarizes and concludes.

2. Models

As in Fox-Kemper and Pedlosky (2004), a Chebyshev
polynomial pseudospectral numerical barotropic model
is used in a B-plane rectangular basin. A single constant-
depth layer is assumed, so the flow is nondivergent and
only the vorticity equation is solved. The nondimen-
sional equations governing the model are (1) and (2).

The calculations are differentiated by the values of
the constant parameters (§,, 8, 8,,), as well as the initial
conditions, frictional boundary conditions on the
“solid” boundaries, and the wind forcing. The initial
conditions are usually resting (y = 0), except for the
double-gyre calculations. Most of the double-gyre cal-
culations are not started from a symmetry-breaking ini-
tial condition, which reduces the spinup time for rea-
sons discussed in section 3c. The boundary conditions
are slip ({ = 0) on the northern and southern “fluid”
boundaries and either slip or no slip (dy/dx = 0) on the
eastern and western solid boundaries. Impermeability
is imposed on all boundaries (¢ = 0). For most calcu-
lations §; = 0.02 and 8¢ = 0, except for the calculations
in Figs. 13 and 14.

Three different wind forcings (wg) are used, each
with a corresponding basin dimension. These forcings
and basins are constructed so that the subtropical gyre
is relatively unchanged as the subpolar gyre changes.
The single gyre has only subtropical forcing:

*Note that Nu, is a function of the mean streamline across
which it is calculated.

5 The calculations in Fig. 14 were unresolvable with §, = 0.02
and available computers, hence the increase to 8, = 0.06 for those
calculations.

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 35

L 1 L 1 I [ L 1 1

double=gyre

0.00 - two—gyre

single—gyre
T T T T T T T T T

0.0 1.0 2.0

FiG. 1. Wind vorticity input, w, in the three models.

wp = —sin(my), V:0<x<1,0<y<1. (8

The double gyre has antisymmetric subtropical and
subpolar forcing:

wy = —sin(my), V:0<x<1,0<y<2. (9

The double-gyre forcing can be a misleading repre-
sentation of the ocean, as the two gyres are exactly
antisymmetric. The two-gyre forcing is a polynomial
approximation to smoothly combine the standard sub-
tropical wind forcing to a smaller, weaker subpolar
forcing than in the double-gyre forcing. The two-gyre
wy in (10) guarantees that the integrated vorticity input
rate to the subtropical gyre is 2/ as in the single- and
double-gyre forcings and that w, = 0 at the southern
boundary, at y = 1, and at the northern boundary. The
relative area and vorticity input to each gyre in the
two-gyre model are matched approximately to Pacific
Ocean conditions. The expression for the two-gyre wy; is

S5y 16y°  16y* Sy

2( N LF L 12 L

I GO D S
BT a L)1 59 12 4 5
3Ly sLy Ly 3L, 2L,

C11+4/21
==

v ~1.56, V:0<x<1,0<y<L,.
(10)
The three forcings are shown in Fig. 1.

Sufficient resolution is assured by the spectral decay
of relative vorticity and by comparison of calculations
at different resolutions. Typical resolutions are 257 X
257 modes for single gyre and 513 X 257 for double
gyre and two-gyre (although 769 X 257 was required for
some calculations). The calculations involving bottom
friction were run at marginal (257 X 129) resolution,
but the additional damping from the bottom friction
provides fair accuracy. It should be noted that the ir-
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F1G. 2. Contours of the time-mean streamfunction for different basins, wind forcing, and boundary conditions with Re = 5: (a) no-slip
single-gyre, (b) no-slip two-gyre, (c) no-slip double-gyre, and (d) slip double-gyre model. The wind input to the subtropical gyre is 2/
in all the calculations. The labeled arrows on the figure give the eddy vorticity flux as a percentage of the subtropical wind input across
the zero streamfunction contour dividing the gyres. The contour interval is 0.2, and shading indicates negative streamfunction.

regular Chebyshev collocation grid provides much
higher resolution in the boundary current: ten times
more “grid points” than is common in finite difference
calculations.

3. Numerical results

a. The effect of boundary conditions on intergyre
vorticity flux

Surprisingly, the frictional boundary conditions exert
a controlling influence on the amount of intergyre eddy
vorticity flux. Figure 2 shows that there is almost no
intergyre eddy vorticity flux with no-slip boundary con-
ditions. Double-gyre calculations with slip boundary
conditions result in the more traditional finding—that
there is a large intergyre eddy flux. The eddy flux across
y = 1is shown in Fig. 3.

Both dissipative meandering and Lagrangian fluid
exchange contribute to the intergyre eddy flux in the
slip double gyre. Snapshots of the relative vorticity evo-
lution where the boundary currents separate are shown
in Fig. 4. At time ¢ = 5035, the subpolar western bound-
ary current overshoots across the mean streamline de-
noting the gyre boundary (the gyre-dividing stream-
line), bringing anomalous positive relative vorticity into
the mean subtropical gyre. This intrusion produces a
negative vorticity flux. Note how the frictional flux
anomaly shown next to each snapshot reflects the over-
shooting boundary current. By r = 5070, the subpolar
vorticity anomaly left the boundary, partly by the

anomalous dissipation through the western boundary
(dissipative meandering), and the remainder has moved
into the basin interior. Note that the core of this sub-
polar eddy does not cross permanently into the sub-
tropical gyre; it returns to the subpolar gyre.

At t = 5075, some subtropical water intrudes into the
subpolar gyre. Because the subtropical water has
anomalous negative vorticity, the eddy flux across the
gyre boundary is negative, as for the subpolar over-
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FiG. 3. Direct estimates of eddy vorticity fluxes across y = 1 for
Re = 5 double-gyre calculations with different boundary condi-
tions. (The mean fluxes across y = 1 are negligibly small in com-
parison.)




































