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ABSTRACT

The generation of strong mesoscale variability through instability of the large-scale circulation in

the interior of oceanic gyres is addressed. While previous studies have shown that eddies generated

from weakly sheared zonal �ows are generally weak, the present results demonstrate that weakly

shearedmeridional�ows typical of wind-forcedgyres can generate very strong mesoscalevariability.

Meridional �ows are effective at generating strong eddies because the reduced in�uence of the

planetary vorticity gradient allows the potential energy stored in the zonal potential vorticity gradient

to be converted to eddy kinetic energy.A simple scaling theory based on a balance between turbulent

cascade and baroclinic energy production yields an estimate of the equilibration amplitude of the

eddy kinetic energy. Nonlinear quasi-geostrophicmodel calculations con�gured in both a periodic

meridional channel and a wind-driven subtropicalgyre agree well with the scaling theory.

1. Introduction

It is now well recognized that the kinetic energy of the mesoscale variability in the ocean

interior is much stronger than the kinetic energy of the large-scale mean circulation.

Although it has been several decades since this strong mesoscale variability was �rst

observed in the ocean (Crease, 1962; Swallow, 1971; Robinson, 1983; Stammer, 1997),

there is still considerable uncertainty as to its source.

Gill et al. (1974) noted that the large spatial scales of the wind-driven circulation contain

stores of potential energy that are several orders of magnitude larger than the kinetic energy

of the mean circulation.Their results suggested that baroclinic instability of the large-scale

�ow might tap into this potential energy and generate mesoscale eddies of deformation

radius scale that are much stronger than the mean circulation, consistent with the observed

energy levels in the mesoscale band. Robinson and McWilliams (1974) also suggested

baroclinic instability of the large-scale circulation as the source of the observed mesoscale

variability.While they considered many environmental factors in their model, their �nding

that nonzonal �ows are always more unstable than zonal �ows on a beta-plane is

particularily relevant to the present study. Because both of these studies were limited to

linear instability theory, the extent to which the large-scale potential energy is available to

be released into mesoscale eddies, the speci�c means by which this release might be

achieved, and equilibrationmechanisms could not be addressed.
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Pedlosky (1975) pointed out that for weakly sheared zonal mean �ows the amplitude of

the perturbations is limited to be of the same order of magnitude as the mean baroclinic

shear (excepting very asymmetric perturbations). This suggested that the source of the

mesoscale eddies was not due to baroclinic instability of the large-scale �ow but perhaps

due to some other mechanism, such as radiation from distant unstable boundary currents or

local atmospheric forcing.

These linear and weakly nonlinear theories were extended into the strongly nonlinear

regime by Salmon (1980) and Held and Larichev (1996), hereafter HL96. The approach

taken here closely follows that of HL96, in which they develop a scaling theory for the

equilibration amplitude of mesoscale variability arising from baroclinic instability of a

zonal mean �ow on a beta-plane. Their balance at equilibration is between energy

generation through baroclinic instability and energy cascade to larger scales through

geostrophic turbulence. It was shown that the kinetic energy of the eddies, normalized by

the mean kinetic energy, scales as (U/bLd
2)2, where U is the mean vertical shear, b is the

meridional gradient of the planetary vorticity, and Ld is the internal deformation radius. The

critical shear required for baroclinic instability occurs at U/bLd
2 5 1. Thus, weakly sheared

zonal �ows are unable to generate eddy kinetic energies that are signi�cantly larger than

the mean kinetic energy, although strongly sheared �ows can generate substantial eddy

kinetic energies. This result is consistent with the weakly nonlinear theory of Pedlosky

(1975).

In addition to providing a stabilizing in�uence on the mean �ow, b also permits

planetary waves, which provide an effective mechanism to limit the scale to which the

energy can cascade (Rhines, 1975; Salmon, 1980; HL96). For the case of zonal mean

�ows, where the baroclinic shear is parallel to the planetary vorticity gradient, very low

frequency zonal jets have been shown to develop on the large-scale mean �ow (Rhines,

1975; Panetta, 1993). The meridional scale of the jets is determined by a balance between

the advective velocity and the Rossby wave phase speed (Rhines, 1975).

One important difference between the mean circulation in the ocean and that of the

atmosphere is that the ocean, owing to the presence of lateral boundaries, has large-scale,

weakly sheared meridional �ows. The idea that baroclinic instability of the large-scale

wind-driven �ow might be responsible for the large eddy energies observed in the ocean

interiors was revisited by Spall (1994). The mean wind-driven �ow in the eastern North

Atlantic subtropical gyre is generally very weak and contains a component directed toward

the south. Because the stabilizing in�uence of beta is not felt for perturbations in the zonal

direction, the fastest growing perturbations for such �ows are nearly zonal for almost all

mean �ow directions (Pedlosky, 1987; Spall, 1994). Nonlinear model calculationsby Spall

(1994) showed that mean shears typical of the wind-driven �ow in the eastern North

Atlantic could generate mesoscale eddies whose amplitude greatly exceeds that of the

mean �ow. This result suggests that, while the vast stores of potential energy in the

large-scale �ow remain inaccessible to perturbations for weakly sheared zonal mean �ows,

the introduction of a meridional �ow component to the mean might allow zonal perturba-
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tions to tap into this potential energy without feeling the effects of beta. This nonlinear

model study was limited to an f-plane and contained no forcing so that equilibrium

solutions were not possible. Meridional motions can be forced by either a wind-stress curl

at the surface or by diapycnal mixing in the intermediate or deep ocean. For example, the

vertical shear between the Mediterranean Water and Labrador Sea Water in the eastern

North Atlantic (Spall, 1999) supports a weak meridional �ow and is also susceptible to this

form of baroclinic instability.

The instability and nonlinear equilibration of a nonhomogeneous meridional �ow on a

beta-plane has recently been studied by Dubus (1999). He also found that weak mean

meridional �ows could generate strong mesoscale eddies, and that equilibration involved

eddy generation by baroclinic instability, Rossby wave radiation, and dissipation. Rhines

(1977) also noted that weak, unforced meridional �ows on a beta-plane resulting from

large-scale baroclinic Rossby waves were unstable and could generate an energetic eddy

�eld.

The generation and nonlinear equilibration of mesoscale variability by weakly sheared

meridonal �ows on a beta plane are the primary focus of the present study. While this work

was originally motivated by the observed high eddy kinetic energies in the interior of the

oceanic gyres, the approach taken here is very idealized in nature and is not intended for

detailed comparison with the ocean. The primary interest is whether or not the potential

energy contained in the meridional �ow of the large-scale wind-driven gyres is more

accessible for conversion to eddy kinetic energies than it is for purely zonal �ows.

2. Scaling theory for nonlinear equilibration

A simple scaling theory for the equilibration amplitude of the eddy kinetic energy is now

derived for a meridional mean �ow with uniform vertical shear in a two-layer quasi-

geostrophic ocean. Following HL96, it is assumed that, once the perturbations reach large

amplitude, the equilibration amplitude of the eddies is determined by a balance between

baroclinic eddy energy production and the cascade of energy toward larger scales in the

barotropic mode. It is inherently assumed in this balance that energy is dissipated at large

scales, although the speci�c mechanism need not be speci�ed at this point. The results of

this scaling theory, and the assumptions used in the derivation, will be tested with a series

of nonlinear model calculations in the following section.

Baroclinic eddy energy production ep is proportional to the product of the eddy potential

vorticity �ux and the mean vertical shear U (Pedlosky, 1987; HL96).

ep 5 2Uu8q8. (1)

For scaling purposes, it is assumed that the perturbation velocity u8 5 O(V). The

perturbation potential vorticity is proportional to a length scale l times the mean potential

vorticity gradient, q8 5 lQx. The appropriate value for the length scale l depends on the

�ow con�guration, as discussed further below. The potential vorticity gradient is deter-

mined by the layer thickness variation associated with the meridional mean �ow,
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Qx 5 U/Ld
2, where Ld is the baroclinic deformation radius. The baroclinic energy production

is now written as

ep 5
lU2V

Ld
2

. (2)

It is assumed that the rate of energy cascade to large scales ec in the present forced

problem scales in the same way as for two-dimensional turbulence (Rhines, 1977; HL96),

where the length scale of the energy-containingeddies is given by L.

ec 5 V3/L. (3)

The normalized eddy kinetic energy at equilibration (V/U )2 is then determined by

equating energy production (2) with energy cascade (3).

(V/U )2 5
lL

Ld
2

. (4)

The main difference between the meridional �ow con�guration and the zonal �ow

considered by HL96 is in the determination of the appropriate length scale l. For the zonal

con�guration, b prohibits the eddies from traveling across the mean potential vorticity

gradient (meridionally) over length scales large compared to their own scale. In this case,

the perturbation potential vorticity of the eddies is limited to the potential vorticity

anomaly induced over the meridional scale of the eddies, l 5 L. If the perturbations are

weak, linear theory predicts that L < Ld and (4) requires that V/U 5 O(1), consistent with

the results of HL96 and Pedlosky (1975).

Two-dimensional turbulence theory suggests that, if the perturbations are sufficiently

strong, the energy-containing scales can evolve from the deformation radius toward larger

scales. On an f-plane, this cascade appears to proceed until the eddies reach the domain size

(Larichev and Held, 1995). However, Rhines (1975), Panetta (1993), and HL96 have

shown that on a b-plane this cascade is halted at the length scale for which the advective

velocity of the eddies matches the Rossby wave phase speed, L 5 (V/b)1/2. At this length

scale the eddies no longer are dominated by turbulent motions and, because they are

in�uenced by variations in planetary vorticity, begin to propagate as waves. Using this

scaling in (4), l 5 L 5 (V/b)1/2, the result of HL96 is recovered.

1
V

U2
2

5 1
L

Ld
2
2

5 1
U

bLd
22

2

. (5)

For the meridional �ow case, zonal motions can transport coherent water mass

anomalies in the zonal direction, across mean potential vorticity contours, without being

in�uenced by b. This means that small eddies can develop large potential vorticity

anomalies because they can travel large distances across the zonal potential vorticity
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gradient supplied by the mean �ow. In this case, the length scale l is given by the zonal

dimension of the basin (or the width of the baroclinic zone) instead of the length scale of

the eddies, l 5 Lx. If it is assumed that the turbulent cascade still continues until L 5

(V/b)1/2, the eddy kinetic energy is now

1
V

U2
2

5
LxL

Ld
2

5 3
U

bLd
2 1

Lx

Ld
2
2

4
2/3

. (6)

There are several important differences between the meridional mean �ow and the zonal

mean �ow. For zonal mean �ows, the eddy kinetic energy is approximately the same as the

mean kinetic energy when the mean �ow is weakly sheared (U/bLd
2 5 O(1)). On the other

hand, the scaling result (6) indicates that the eddy kinetic energy can be quite large even for

very weakly sheared meridional �ows provided that the basin is considerably wider than

the internal deformation radius, which is generally the case for the basin-scale wind-driven

gyres. The nonlinear model results in the following section show that large eddy energies

can be generated even when U/bLd
2 , 1. The eddy kinetic energy depends on only the 2�3

power of the criticality parameter U/bLd
2 for meridional �ows compared to the second

power for the zonal �ow case.

Several important assumptions have been made in deriving (6). First, it has been

assumed that a source of mesoscale energy exists to provide input for the energy cascade.

The growth rates for weakly sheared meridional �ows, although always positive, are

typically O(100 days) (Spall, 1994). Damping on time scales less than this growth rate can

suppress the baroclinic instability and may inhibit the production of eddy energy. It has

also been assumed that the energy cascade proceeds to the Rhines scale. It is possible that

other factors, such as bottom roughness or more complex strati�cation, could halt this

cascade at a smaller scale. In this case, the length scale L above would need to be replaced

with the appropriate length scale. However, the main new point introduced here is that the

production term is fundamentally different for meridional mean �ows than it is for zonal

mean �ows.

Another important assumption is that the mean shear is uniform in space. This is clearly

not the case for the large-scale oceanic wind-driven gyres. It is possible that, if the growth

rates are sufficiently slow, perturbations might be advected out of the region favorable for

baroclinic growth and into a more stable environment before they reach large amplitude. In

this case, the length scale that determines the perturbation potential vorticity q8 would be

something less than the basin width Lx. This point is addressed in Section 3b (see also

Dubus, 1999).

3. Nonlinear model results

The scaling theory developed in the preceeding section is now tested using a nonlinear,

two-layer, quasi-geostrophic model. The model solves the quasi-geostrophic potential
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vorticity equation subject to a wind-stress curl in the upper layer and dissipation in both

layers.

­qi

­t
1 J(ci, qi) 5 Di 1 Si 1 Wi. (7)

The quasi-geostrophic streamfunction is ci, the potential vorticity qi 5 =2ci 1 by 1

Fi(c32i 2 ci), Fi 5 f 0
2/g8Hi, g8 is the reduced gravity between the two layers, Hi is the layer

thickness, and i 5 1, 2 is a layer index. The b-plane approximation is used where the

Coriolis parameter f 5 f0 1 by. The dissipation is provided by a combination of Laplacian

diffusion and a linear bottom drag.

Di 5 Ah=
4ci 2 (i 2 1)Cd=

2ci. (8)

The lateral diffusivity Ah 5 10 m2 s21 for all calculations. An additional dissipation is

provided in the form of a sponge layer that relaxes the model potential vorticity toward ql,

where ql is the steady �ow that is in linear, inviscid potential vorticity balance with the

wind-stress curl Wi.

Si 5 2(qi 2 ql)/g. (9)

The relaxation time constant g 5 180 days within a narrow region near the western

boundary, elsewhere the relaxation term is set to zero.

The model variables are discretized on a uniform �nite difference grid.An enstrophy and

energy conserving form of the Arakawa Jacobian is used to calculate the nonlinear terms.

The potential vorticity equation is stepped forward in time using a centered leapfrog

scheme with time averaging every 20 time steps to suppress computational modes. The

updated streamfunction �eld is derived from the potential vorticity �eld by initially solving

Helmholtz Equations for the barotropic and baroclinic modes separately and then combin-

ing to get the upper layer and lower layer streamfunctions. Details of the numerical method

can be found in Beliakova (1998).

Two types of model con�gurations are used, a meridonal channel and an anticyclonic

wind-driven subtropicalgyre. The forcing and boundary conditionsfor each of these sets of

solutions are presented in the following sections. The model is initialized with the linear,

inviscid solution ql with small perturbations of random meridional wavenumber. The

amplitude of the initial perturbations is a maximum at the mid-point of the domain and

decays in both the east-west and north-south directions with structure xy(1 2 x)(1 2 y),

where x is the (nondimensional)zonal distance from the edge of the sponge region and y is

the (nondimensional) distance from the southern limit of the model domain. The model

runs are integrated until the eddy kinetic energy reaches equilibrium. The horizontal

resolution is uniform in space, and varies between 0.5 Ld and 0.75 Ld for each of the

calculations.
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a. Uniform meridional mean �ow

The primary focus of the present study is to explore to what extent weakly sheared

meridional �ows might generate strong mesoscale variability. The general wind-driven

subtropical gyre contains a southward component to the �ow everywhere within the basin

and thus will be everywhere baroclinically unstable for any nonzero vertical shear.

However, the linear growth rate is strongly dependent on the direction of the mean �ow

(Pedlosky, 1987; Spall, 1994) and thus varies within the gyre. Before exploring the eddy

generation in such a spatially variable mean state, the simpler problem of a purely

meridional mean �ow with uniform vertical shear is considered. The eastern and western

boundaries are free-slip solid walls and the �ow is periodic in the north-south direction. A

uniform wind stress curl is used to force the meridional �ow.

The evolution of the mesoscale eddy �eld is �rst demonstrated for a typical meridional

�ow con�guration.The model domain in this case measures 4440 km in the zonal direction

and 3840 km in the meridional direction. The sponge layer is con�ned to the westernmost

600 km, so that the region of fully evolving �elds is 3840 km in both directions. The

meridional gradient of planetary vorticity b 5 2 3 10213 cm21 s21 and the Coriolis

parameter f0 5 1024 s21. The layer thicknesses are each set to 500 m and the strati�cation is

such that Ld 5 22.5 km. The horizontal resolution is 15 km in both directions (296 by 256

grid points). Bottom friction is set to zero for this case. The wind stress curl is speci�ed so

that the parameter U/bLd
2 5 1.0, where U 5 1 cm s21 is the strength of the wind-driven

�ow in the upper layer.

The spin-up of the mesoscale eddy �eld is indicated by the ratio of the kinetic energy to

the initial kinetic energy as a function of time (nondimensionalized by Ld/U 5 26 days)

(Fig. 1). The kinetic energy of the initial linear, wind-driven �ow is hereafter referred to as

the mean kinetic energy. However, the kinetic energy of the mean �ow at equilibrationwill

generally be slightly less than this initial value because the eddy �uxes reduce the mean

shear. The eddy energy is small until around time 40, when it then increases very rapidly

over the next 40 time periods before leveling off. The eddy energy has essentially

equilibrated by time 200 at approximately 300 times the initial kinetic energy of the

wind-driven �ow.

The early growth phase is characterized by zonally oriented perturbations with meridi-

onal length scales of the order of the deformation radius, consistent with linear theory and

the nonlinear f-plane model results of Spall (1994). The upper layer streamfunction at time

35 is shown in Figure 2a. The perturbations initially had their maximum amplitude in the

middle of the basin. Due to the beta-effect, these anomalies propagate westward as they

grow so that, by the time they have reached large amplitude, the maximum perturbations

are interacting with the sponge layer along the western boundary. The mean meridional

�ow has also advected the perturbations approximately 400 km to the south. As these

perturbations grow to large amplitude, they develop strong zonal jets which themselves

become unstable. The early onset of this secondary instability is just noticeable at time 35.
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After this secondary instability, the model is populated with deformation scale baroclinic

eddies.

The phase of rapid growth, which begins just after the zonal jets break up into eddies, is

characterized by a cascade of energy toward larger scales. The variability during the

equilibrated phase is indicated by the layer 1 streamfunction at time 300 (Fig. 2b, note the

change in contour interval). The domain is now populated with very strong mesoscale

eddies that dominate the mean �ow. While there exists variability on a range of spatial

scales, the dominant energy-containing scale is considerably larger than the deformation

radius (22.5 km), but still smaller than the basin-scale. The eddies are damped out within

the sponge layer near the western boundary. The eddies are essentially isotropic. The

introduction of eastern and western boundaries suppresses the formation of zonal jets that

are commonly found in doubly periodic calculations on a b-plane (i.e., Rhines, 1975;

Panetta, 1993). However, Dubus (1999) �nds zonal jets to the west of a narrow region of

baroclinic shear in a meridional channel calculation, so the disappearance of the zonal jets

in the present case may be a result of both solid boundaries and a wide baroclinic zone.

This change in the spatial scales of the variability from the initial linear growth phase to

the �nal equilibrated phase is further indicated by the meridional wavenumber of the zonal

component of the eddy potential vorticity �ux u8q8 shown in Figure 3. This term is

proportional to the conversion of mean potential energy to eddy kinetic energy. Early in the

Figure 1. Ratio of eddy kinetic energy to mean kinetic energy as a function of nondimensional time

for a meridional channel with U/bL
d
2 5 1.0, other parameters are de�ned in the text. The eddy

kinetic energy is approximately300 times the mean kinetic energy at equilibration.
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Figure 2. Layer 1 streamfunction for the meridional channel at time: (a) 35 (contour inter-

val 5 0.001); and (b) 300 (contour interval 5 0.005). The early growth phase is characterized by

zonal jets that themselvesbecome unstable.The equilibratedphase is characterizedby very strong,

nearly homogeneous, isotropic barotropic eddies with length scales much larger than the

deformation radius.
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calculation, the zonal eddy potential vorticity �ux is concentrated at meridional wave-

number 25, or a wavelength of approximately 2pLd, in general agreement with linear

theory. The meridional scale of the zonal velocity is also concentrated at this wavenumber

(not shown). At equilibration, the meridional scale of the zonal potential vorticity �ux has

shifted to wavenumbers between 3 and 6, or wavelengths between 640 km and 1280 km.

The amplitude of the potential vorticity �ux is also two orders of magnitude larger at

equilibration than during the linear growth phase. The dominant length scale of the

potential vorticity �ux moves to larger scales with the dominant scale of the zonal motions.

At equilibration, the Rhines scale kR 5 (b/V )1/2 < 5.2, in general agreement with the

dominant length scale in the model. This evolution of the energy-containing length scales,

and length scales at which the energy conversion is taking place, is consistent with the

cascade found for baroclinically unstable zonal �ows in a doubly periodic domain by

HL96.

The eddy kinetic energy is primarily in the barotropic mode at equilibration, as expected

for eddies whose length scale is much greater than the internal deformation radius. The

Figure 3. Spectral distribution as a function of meridional wavenumber (at x 5 3000 km) for: the

zonal eddy potential vorticity �ux averaged between time 30 and 45 (dashed line); the zonal eddy

potential vorticity �ux averaged between times 450 and 600 (solid line) and the zonal velocity

averaged between times 450 and 600 (dotted line). Early in the calculation the dominant length

scales are near the deformation radius, late in the calculation the energy-containingscales, and the

scales at which energy conversion is taking place, cascade to much larger scales. The Rhines scale

at equilibrationhas wavenumber 5.2.
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length scale of the baroclinic mode (c1 2 c2) also contains signi�cant energy at large

scales, but is more white in nature with greater energy than the barotropic mode at

wavenumbers greater than 20 (length scales less than about 2pLd).

The scaling theory developed in the preceeding section is now tested against a series of

model calculations in the meridional channel. Four sets of calculations have been carried

out in which one of the model parameters has been varied while the others are held �xed.

The dependence of the equilibrated energy level diagnosed from the model calculations

compares reasonably well with that predicted by the scaling theory (6), as shown in

Figure 4. Although there is some scatter, the model results fall along a line that is nearly

parallel to the slope predicted by the theory. The eddy kinetic energy levels range between

30 and almost 1000 times larger than the mean kinetic energy. The length scale of the

energy-containing motions in each of these calculations is close to the Rhines scale

assumed in the scaling theory.

The major difference between the scaling for the meridional �ow and the previous result

of HL96 for a zonal �ow is the importance of the east-west dimension of the model

Figure 4. Comparisonbetween the eddy kinetic energy (normalizedby the mean wind-drivenkinetic

energy) found in the model at equilibration compared to that predicted by the scaling theory. The

triangles and squares correspond to changes in the zonal extent of the domain (Lx), the circles and

asteriskscorrespondto changes in the internal deformationradius Ld and the mean shear U. Details

of the model parameters are provided in the text. The eddy kinetic energy is between 30 and nearly

1000 times greater than the mean kinetic energy. The parameter dependence predicted by the

scaling estimate (6) is reasonably well reproduced by the model.
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domain. Recall that it is the zonal extent of the basin (or of the baroclinic zone) that limits

the amplitude of the potential vorticity anomaly that may be attained by the mesoscale

eddies instead of the length scale of the eddies themselves. The importance of the channel

width is clearly indicated in Figure 4. The calculations with the triangles were done with

Ly 5 1500 km, U/bLd
2 5 1.0, and Lx was varied between 1200 km and 5760 km. The

calculations indicated by the squares were carried out with Ly 5 3840 km, U/bLd
2 5 1.5,

and Lx was varied between 1000 km and 6000 km. The eddy energy does not depend

signi�cantly on the meridional length scale (provided that it is larger than the length scale

of the eddies at equilibration).

Several other parameters were varied to test the scaling estimate. Four calculations were

carried out in which the basin size Lx 5 3840 km and U/bLd
2 5 1.0 were held �xed and Ld

was set to 15.9 km, 31.8 km, 44.9 km, and 63.5 km (circles on Fig. 4). Another set of

calculations was carried out in which the basin size and the ratio U/b 5 5 3 108 m2 were

held �xed and the deformation radius was set to 11.2 km, 15.9 km, 25.9 km, and 31.8 km

(U/bLd
2 5 0.75, 1.0, 4.0 8.0, asterisks). While there are of course many other possible

combinations to test scaling (6), these calculations explore a reasonable range of parameter

space in terms of both eddy energy levels and physical and geometric quantities. In each

case, the energy level varies consistent with the scaling theory.

The scaling theory does not depend explicity on the form of dissipation, although it is

assumed that energy is dissipated at large scales. In the above results, dissipation is

provided by the sponge layer near the western boundary (Cd 5 0). Potential energy is input

through the wind stress at large scales. The eddy potential vorticity �ux converts this large-

scale potential energy to kinetic energy on the eddy length scale (which is a function of

time). At equilibration, the eddies are of sufficiently large scale that energy propagates

westward in the form of barotropic Rossby waves. The energy is then dissipated in the

sponge layer near the western boundary.

Bottom drag, as used by HL96, is also a likely candidate to remove energy at scales

larger than the deformation radius because motion on these scales is mostly barotropic.The

calculations shown in Figure 4 were repeated with a linear bottom drag of strength Cd 5

0.08 U/Ld. Although the equilibration energies are systematically lower than without

bottom drag, the results in Figure 5 indicate that the scaling (6) still applies reasonably well

to the case with �nite bottom drag. Calculations with both Cd 5 0 and no sponge layer do

not equilibrate within several hundred eddy turnaround times.

b. Subtropical gyre

The results of the meridional channel con�guration indicate that weakly sheared

meridional �ows can generate eddy variability that is much stronger than the mean �ow. It

is not clear, however, that the same level of eddy variability could be generated by a mean

�ow that is not purely meridional over the entire model domain, such as would be expected

for a wind-driven subtropical gyre. As the �ow becomes more zonal, the mean potential

vorticity gradient is aligned more parallel to the planetary vorticity gradient and the ability
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of perturbations to convert the potential energy of the mean �ow into eddy kinetic energy is

suppressed (Pedlosky, 1987; Spall, 1994). In addition, most previous studies of turbulence

have been in periodic domains that allow turbulence to cascade uninhibited by lateral

boundaries. The scaling theory is now tested for a nonhomogeneous mean �ow generated

by an anticyclonicwind stress curl.

Westward intensi�cation of an anticyclonicwind-driven �ow in a closed basin gives rise

to a strong northward-�owing western boundary current. Depending on the distribution of

the wind stress curl and degree of nonlinearity, such boundary currents can become

unstable. Although much of the resulting variability would be con�ned to the immediate

region of the meandering jet, some may propagate from the region of strong shear into the

weakly sheared interior either in the form of coherent vortices or as radiated waves. It is

unknown how much of the observed mesoscale variability in the open ocean is a result of

energy radiated away from such strong frontal regions and how much might be generated

by instability of the large-scale interior �ow (the subject of interest here). In order to isolate

the interior source from the strong boundary current source, I have con�gured the domain

as a regional model of the interior wind-driven �ow.

The subtropical gyre con�guration has free slip solid walls on the southern, eastern, and

northern boundaries and an open boundary condition on the western boundary. The

streamfunction on the western boundary is speci�ed to be the steady, linear inviscid

solution which balances the wind-stress curl, assuming no �ow through the eastern

Figure 5. As in Figure 4 except with bottom drag Cd 5 0.08U/Ld.
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boundary. The wind stress curl for the subtropical gyre is speci�ed as

Wi 5 tm sin (py/Ly). (10)

In an ocean basin with a solid western boundary, energy that propagates westward at

large scales is re�ected eastward at small scales, at which point it is presumably dissipated.

The westernmost 450 km of the model domain contains an active sponge layer which

restores the �elds toward the linear, inviscid wind-driven solution. This combination of

open boundary conditions together with damping toward the linear solution acts as a sink

to large-scale, westward propagating energy and mimics the energy loss expected with a

solid boundary. While this is not the physically most realistic western boundary condition,

it has the conceptual advantage that strong western boundary currents are not supported so

that all of the mesoscale energy generated in the model must derive from the large-scale

wind-driven interior �ow.

The time series of the ratio of total kinetic energy to initial kinetic energy for a typical

wind-driven gyre case is shown in Figure 6. The eddy energy equilibrates at approximately

75 times the mean kinetic energy. The parameters for this model run are: Ld 5 25.8 km,

b 5 2 3 10211 m21 s21, U/bLd
2 5 1.5, Cd 5 0.0. The basin is dimensioned 3000 km by

3000 km.

Figure 6. Ratio of eddy kinetic energy to mean kinetic energy of the linear wind-driven �ow as a

function of nondimensional time for a wind-driven subtropical gyre with U/bL
d
2 5 1.5, other

parameters de�ned in the text. The eddy kinetic energy is approximately75 times the mean kinetic

energy at equilibration.
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The early evolution of the initial small perturbations is much like what was found for the

meridional channel calculations. Initially random perturbations develop into zonally

elongated waves with meridional wavelength of O(2pLd) by time 30 (Fig. 7a). These wave

packets are advected to the south by the mean �ow and also drift to the west due to the

beta-effect. Secondary instabilitiesgrow on these zonal jets which give rise to an energetic

mesoscale eddy �eld. There are also small perturbations that develop in the nearly zonal

regions of the �ow (i.e., near the northwest corner), yet these are unable to reach very large

amplitude because of the in�uence of b, as discussed by Pedlosky (1975) and HL96.

Although linear theory indicates that such zonal mean �ows have a faster growth rate than

meridional mean �ows, the nonlinear theory developed in the preceeding section indicates

that the slower growing meridional �ows equilibrate at much higher eddy kinetic energy.

The rapid kinetic energy growth phase is characterized by the turbulent cascade of these

eddies toward larger length scales, as found for the meridional channel �ows considered in

the previous section. The upper layer streamfunction at time 400 is shown in Figure 7b.

The interior of the basin is now dominated by the mesoscale eddy �eld with length scales

larger than the deformation radius and smaller than the basin-scale. The wind-driven �ow

is not evident in this synoptic view; however, the time mean �elds reveal an anticyclonic

large-scale circulation quite similar to the initial linear wind-driven �ow.

A series of model calculations have been carried out in which the parameter U/bLd
2 is

varied (Fig. 8). In one case, the strength of the wind-driven �ow was held �xed at U 5

1 cm s21 and Ld was varied between 10 km and 28.9 km (squares). In the other set of

calculations, the internal deformation radius was held �xed at Ld 5 15.8 km and the

strength of the wind-driven �ow was varied between 0.375 cm s21 and 4 cm s21 (tri-

angles). The eddy kinetic energy varies between 25 and 300 times the mean kinetic energy.

The increase in eddy energy with the model parameters agrees reasonably well with the

scaling theory. These calculations emphasize the importance of the internal deformation

radius in determining the eddy energy level. The range of U/bLd
2 is similar in both sets of

calculations, yet the cases where U is held �xed and Ld is varied produce a much wider

range of eddy kinetic energy levels than is found when Ld is �xed and U is varied.

The direction of the mean �ow in the wind-driven gyre is a function of the aspect ratio

a 5 Lx/Ly. When the aspect ratio is small the wind-driven �ow is oriented in a nearly

meridional direction over most of the basin. In the limit of very small aspect ratio the

results are expected to approach the meridional channel case. As the aspect ratio increases

the region of the �ow that is nearly meridional decreases. Because the zonal potential

vorticity gradient is supported by the meridional �ow, the region of the domain with

signi�cant stores of potential energy that can be converted via zonal motions decreases

with increasing aspect ratio. Thus, it is expected that the equilibration amplitude will

depend on the aspect ratio of the basin.

A series of calculations have been carried out in which Ld 5 18.3 km and U/bLd
2 5 1.5

are held �xed and the basin size is varied. The equilibration amplitudes are plotted in

Figure 9 for Ly of 3000 km (squares), 4500 km (triangles), or 6000 km (circles). The only
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Figure 7. Layer 1 streamfunction for a subtropical at time (a) 30 (contour interval is 0.001) and (b)

400 (contour interval is 0.002). The early development of strong zonal jets and their subsequent

instability is reminiscent of the meridional channel �ows in Section 3a. The equilibrated phase is

characterizedby very strong, nearly homogeneous and barotropic eddies with length scales much

larger than the deformation radius.
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difference between calculations at the same theoretical estimate for the eddy amplitude in

Figure 9 is the meridional extent of the basin, or the aspect ratio. The model results are

nearly independent of Ly, or aspect ratio, for a , 1. As Lx increases until a . 1 the eddy

energy level becomes independent of further increases in Lx. This occurs at different energy

levels depending on the meridional extent of the basin. The eddy amplitudes for the largest

basin size (6000 km, circles) continue to increase in good agreement with the scaling

theory for the largest zonal dimensions tested. It is worth noting that, even for those

calculationsin which the amplitude of the eddy kinetic energy is limited by the aspect ratio,

the scaling theory correctly predicts the dependence of the eddy amplitude on the other

model parameters (Fig. 8).

4. Summary

The objective of this study is to determine if weakly sheared meridional �ows can

generate strong mesoscale variability. Weak shear is de�ned here as U/bLd
2 5 O(1), where

U is the vertical shear of the mean �ow, b is the meridional gradient of planetary vorticity,

Figure 8. Comparisonbetween the eddy kinetic energy (normalizedby the mean wind-drivenkinetic

energy) found in the model at equilibrationcompared to that predicted by the scaling theory for the

wind-driven subtropical gyre. The parameter U/bL
d
2 is varied between 0.6 and 5.0 with U 5

1 cm s21 km (squares) and between 1 and 8 with Ld 5 15.8 km (triangles), other details of the

calculationsare given in the text. The eddy kinetic energy is between 25 and 300 times greater than

the mean kinetic energy. The parameter dependence predicted by the scaling estimate (6) is

reasonably well reproduced by the model.
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and Ld is the internal deformation radius. This issue is motivated by the observation that the

eddy kinetic energy in the interior of the oceanic gyres is much larger than the mean kinetic

energy. Baroclinic instability of the large-scale interior circulation was identi�ed early on

as a possible candidate, but subsequent nonlinear analysis indicated that for weakly

sheared zonal mean �ows, the eddy kinetic energy is approximately bounded by the mean

kinetic energy (Pedlosky, 1975; HL96). The introduction of a nonzonal component to the

mean �ow removes this constraint by providing a source of potential energy that may be

converted to kinetic energy by unstable waves without being inhibited by the planetary

vorticity gradient. As a result, the zonal dimension of the basin (relative to the internal

deformation radius) emerges as an important factor in determining the equilibration eddy

amplitude.

There have been many recent attempts to parameterize the eddy �ux of tracers as a

function of the local properties of the mean �ow (see Visbeck et al., 1997 for a review). The

meridional �ow studied here is one example of a situation in which the amplitude of the

eddy kinetic energy, and of the eddy �ux of tracers, depends fundamentally on a nonlocal

aspect of the �ow, the zonal dimension of the basin. It is also evident that the direction of

the mean �ow is very important in determining the amplitude of the eddy �ux of tracers, a

property that has not been traditionally considered in eddy �ux parameterization schemes.

Although the present results suggest that instabilityof weak meridional �ows in the open

Figure 9. Eddy kinetic energy for the subtropicalgyre for variousbasin con�gurations with U/bL
d
2 5

1.5 and Ld 5 18.3 km. The meridional extent of the basin is 3000 km (squares), 4500 km

(triangles) and 6000 km (circles). The zonal extent of the basin is varied between 550 km and

4050 km.
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ocean may be an important eddy generation mechanism, it is still not clear whether the

observed eddies are due to local instabilities, radiation from remote sources, or local

forcing (such as by the wind). One apparent discrepancy between the eddies produced in

these simple calculations and those in the ocean is in the length scale. Altimeter data

indicate that the dominant length scale of the near-surface mesoscale eddy �eld scales

with the baroclinic deformation radius (Stammer, 1997), while the present results produce

larger, nearly barotropic eddies of the Rhines scale. However, recent theoretical and

numerical results suggest that nonuniform strati�cation may inhibit the energy cascade

towards large scales in both freely evolving �ow (Smith and Vallis, 2000) and in

forced/dissipative systems (Brian Arbic, private communication). Bottom topography may

also limit the extent to which eddies can cascade to very large scales (Treguier and Hua,

1988; Brian Arbic, private communication). Nonetheless, the �nding that nonzonal �ows

can generate large eddy kinetic energies should remain relevant even in the presence of

more realistic strati�cation and bottom topography.

There are two major points resulting from this study.

1. Weakly sheared meridional �ows can generate eddy kinetic energy that is two to

three orders of magnitude greater than the mean kinetic energy for �ow parameters

typical of the mid-latitude subtropical gyres.

2. Scaling estimates of the eddy amplitude that are based on a balance of energy

production through baroclinic eddy �uxes and energy cascade through two dimen-

sional turbulence agree reasonably well with results from nonlinear model calcula-

tions.
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