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ABSTRACT

A numerical model, with quasigeostrophic and barotropic dynamics, is used to study the forcing of mean
flows by an unstable jet. The initially zonal jet has specified shape and transport at the western inflow boundary
and is sufficiently intense and narrow that the potential vorticity gradient changes sign, giving rise to barotropic
instabilities. The resulting eddies act to smooth the potential vorticity anomalies transported into the domain and
produce homogenized regions in which recirculations develop to the north and south of the jet. The intensity of
these recirculations, as a function of nondimensional beta, is investigated and a simple kinematic interpretation

offered.

1. Introduction

Eddies and their associated fluxes can be essential in
determining the character of the mean flow, not only
as a source of dissipation, but also as a driving force
through nonlinear eddy—eddy and eddy—mean flow in-
teractions. Eddy fluxes of nonpassive tracers such as
temperature, salinity, momentum, and potential vortic-
ity can significantly influence the overall dynamics of
the system. For example, it has been shown that eddies

. are necessary to close the momentum balance of the
Southern Ocean (e.g., Marshall et al. 1993). Transient
eddies are created in the ocean due to instabilities, both
barotropic and baroclinic, in the general circulation and
this is especially true near intensified western boundary
currents. The Gulf Stream region is a prime example,
where it has been found that the meandering of the
stream results in an increase in the eddy potential and
kinetic energy by orders of magnitude along the cli-
matological mean path of the jet (Schmitz et al. 1983).
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The associated eddy fluxes would be expected to sig-
nificantly affect the jet dynamics and the surrounding
fluid.

A general mathematical setting is the quasigeo-
strophic framework where, in the Eulerian frame, the
mean circulation is driven by an eddy vorticity flux:

#V7=-V-(u'q). (1)

For the barotropic, fiat-bottomed model considered
here, u = [, v] = [—¥,, ¢, ] is the horizontal velocity
vector with the streamfunction given by ¢, the relative
vorticity defined by { = V?p, ¢ = { + By is the poten-
tial vorticity, and 8 represents the variation in the Cori-
olis parameter with latitude. Here u and g are decom-
posed into time-mean and time-varying quantities, u(x,
t) = U(x) + u’(x, t) and g(x, t) = g(x) + ¢'(x, 1),
with the overbar denoting the mean and the prime, the
deviation from it. To the lowest order Eq. (1) linearizes
to

pv=~=V-(u'q’), (2)

the “‘eddy Sverdrup relation.’”’ The use of a barotropic
model to examine the recirculation gyres is motivated
by evidence that at least the northern recirculation gyre
is strongly barotropic in nature (Richardson 1985;
Bower and Hogg 1996).

In a study of the response of a homogeneous ocean
to forcing by an oscillatory localized wind stress, Haid-
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vogel and Rhines (1983) sought the cause of the recir-
culation gyres seen in the two-layer quasigeostrophic
models of Holland and Rhines (1980). In the case of
a periodic model, they found that the oscillating source
of potential vorticity created a recirculation embedded
in a continuous streaming flow to the east. In this case,
the contours of potential vorticity closed on themselves.
When the domain was closed, however, the potential
vorticity contours were blocked, no jet could form, and
the recirculation gyres were forced to close at the west-
ern boundary. The time-mean flow in this case still ex-
hibited two recirculation gyres, but they were weaker
in strength than in the periodic case by a factor of ap-
proximately 3, corresponding to the number of times
the long wavelength Rossby waves propagate through
the periodic domain before decaying from bottom fric-
tion (Haidvogel and Rhines 1983). They determined
that the mean circulation was driven by a clear relation
to potential vorticity fluxes and was less related to
Reynolds stresses.

Cessi et al. 1987 (see also Ierley and Young 1988)
prescribed the potential vorticity forcing in a different
manner. Using barotropic dynamics in a rectangular
domain they studied the steady-state solutions arising
when a potential vorticity anomaly was specified along
the boundary. This was meant to mimic the effect of a
western boundary current carrying low potential vor-
ticity water northward from more southerly latitudes.
They were able to relate the intensity of the recircula-
tion, and the value of the potential vorticity which was
homogenized within it, to the prescribed potential vor-
ticity anomaly. For reasonable values of the anomaly
reasonable recirculation strengths and sizes were ob-
tained.

Malanotte-Rizzoli et al. (1995) examined whether
forcing a homogeneous ocean by a meandering bound-
ary could produce recirculation gyres in a periodic
channel. Similar to the results of Haidvogel and Rhines
(1983) for a periodic zonal channel, they found that a
streaming flow developed along the eddy-producing re-
gion and circulated through the periodic domain. The
addition of ‘‘sponges’’ to close the domain removed
the streaming circulation, and a weak recirculation was
seen: weak, perhaps, because there was no anomaly of
potential vorticity to flux away from the boundary as
in Cessi et al. (1987). A bowl-shaped topography was
added to the model to mimic the sharp thermocline dis-
placement across the Gulf Stream front and the bottom
topography north of it. This resulted in closed potential
vorticity contours and the creation of a strong recircu-
lation gyre that had a transport of the order of magni-
tude observed in the Gulf Stream system, although the
strength of the recirculation is entirely dependent on
the strength of the dissipation.

Observational work in the Gulf Stream seems to be
consistent with the numerical predictions. Hogg (1993)
measured velocities and temperatures in the Gulf
Stream at two moored array sites, one near 55°W and
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the other near 63°W. Fitting a statistical model to the
data, he found the spatial correlation function to be ho-
mogeneous and isotropic, leading to a functional rela-
tion between the eddy variances and potential vorticity
flux divergences. Using the linearized barotropic vor-
ticity equation (2), it was shown that the eddy fluxes
were capable of forcing recirculation gyres of 40 Sver-
drups (Sv = 10° m® s '), which is the observed order
of magnitude.

In this study we combine many of these ideas. As an
extension of the work by Haidvogel and Rhines (1983)
and Malanotte-Rizzoli et al. (1995), we seek to force
an eddy field to study the time-mean (rectified) current
that is produced. However, instead of using an external
forcing function, we will use an unstable jet as the eddy
source, a jet that transports anomalous values of poten-
tial vorticity into the domain rather than prescribing
them along the boundary as in Cessi et al. (1987). This
setting is more physically representative of currents
that have recirculation gyres in the ocean and will lend
itself to the statistical analysis used in Hogg (1993).

Conceptually, this study is quite similar to the recent
work of Spall (1994), who numerically investigated
the effects of instabilities of a deep western boundary
current on forcing mean flows. However, Spall’s cur-
rent was meridional: the model contained three layers
and bottom relief. This bottom topography, which sim-
ulated the continental rise, abyssal plain, and Mid-At-
lantic Ridge of the Brazil Basin, played a fundamental
role.

2. The model

A quasigeostrophic, homogeneous ocean on a beta
plane is considered in our model, for which the vortic-
ity conservation equation is

d.

E§—+J(l¢bsc+ :Bdimy) = _RC’ CE Vz'l’a (3)
where R is the bottom friction coefficient with units of
inverse time. This equation is numerically integrated in
time and space using a finite-difference scheme cen-
tered in both space and time. A uniform grid spacing
of 15 km is used for the spatial differencing on a rec-
tangular grid that is 6000 km long in the zonal direction
and 3000 km wide in the meridional direction. The
computational mode associated with the time centered,
or leapfrog scheme, is suppressed using a time-aver-
aging filter (Haltiner and Williams 1980; Robert
1966). The nonlinear advective terms are handled us-
ing the vorticity-conserving scheme devised by Ara-
kawa (1966). At each time step the relative vorticity
is inverted to find the streamfunction using the gener-
alized Buneman algorithm (Adams et al. 1988). A
zonal jet is imposed as a boundary condition on the
eastern and western boundaries in the inversion, and no
normal flow is allowed on the northern and southern
boundaries. This jet has a Gaussian shape, which gives
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FiG. 1. Instantaneous ¢ at model time 20 years with parameters 8 = 0.05 and Rigerior = 8.1
X 107 Contour interval is 5000 m* s~'. Negative values are dashed and positive ones are solid

lines.

a streamfunction profile of ¢ = (—S)erf(y/L), where
S is the strength of the streamfunction and L the half-
width of the jet. The interior of the model domain is
initialized with the imposed jet plus a Gaussian distrib-
uted noise of strength 10 73S Dissipation is in the form
of —RV*y, where R varies from (900 days) ! in the
model domain to (1 day) ™' in sponge layers that are
matched to the boundary flow at the eastern and west-
ern boundaries and to no flow on the northern and
southern boundaries. The sponges are ramped up lin-
early from the background value to the maximum value
over 32 grid points. Additionally, the dissipation term
is treated semi-implicitly (Haidvogel and Rbhines
1983).

Nondimensionalizing the vorticity equation gives
two free parameters in the model: the dissipation
strength, which scales as RL?/S, and the nondimen-
sional 3, which scales as BynL>/S. The cutoff value
for nondimensional 8 below which instability can oc-
cur is where g, = 8 — u,,(y,0) = 0, or 8, = 1.007,
while the Gulf Stream has a value for nondimensional
B in the range of 0.02-0.13 (Flierl et al. 1987). The
jet that we consider is barotropically unstable leading
to a temporal evolution of meanders that are strongly
nonlinear. The instability also widens the instantaneous
jet profile. By examining cross-stream profiles in the
eastern section of the domain, it was empirically found
that the jet equilibrates closely to the marginally stable
jet so that the nondimensional § =~ (. near the outflow.
Therefore, to allow the jet to leave the domain in a
smooth manner, we impose a wider jet as the outflow
boundary condition and determine the half-width of the
outflow jet from S, so that it is marginally stable.

The time-dependent and time-mean dynamics of the
jet is strongly affected by our choice of domain size,
jet speed, and sponge strength. In particular strong
sponges are necessary to suppress the production of a
large amplitude stationary meander in the jet. The dy-

namics of the stationary meander appears to be estab-
lished by an integer number of wavelengths fitting in
the domain. The wavelength can be roughly calculated
by following the analysis of the time-dependent evo-
lution of a jet axis by Robinson and Niiler (1967) and
Robinson et al. (1975), where the linearized stationary
wave equation gives a wavenumber

B ﬂ(V) 1/2
k“<<V2>> ’

where (V) = [ Vdn and (V?) = [ V2dn; V is the
downstream velocity and 7 is the cross-stream coordi-
nate. This relation does not hold exactly since the sta-
tionary meander is finite in amplitude and its calcula-
tion is complicated by the adjoining recirculation gyres.
For a combination of wavelength and domain length
that does not allow a quantization of the wavenumber,
an unstable quasi-stationary meander is produced that
periodically shifts by half a wavelength, thus effec-
tively removing the time-mean signature of the mean-
der but not its eddy signature. This stationary meander
produces large spatial correlations. and long time cor-
relations (order 1000 km and 100 days) for points
throughout the domain. We deemed this situation un-
realistic, since jets in the ocean do not show strong
stationary meanders or similarly strong correlations.
Therefore, we restrict ourselves to a parameter range
with strong sponges at the boundaries that significantly
suppress the stationary wave while allowing for the in-
stability to create strong eddies in the interior of the
domain. Apart from suppressing the stationary wave,
the sponges do not change the qualitative nature of the
recirculation gyres, and only marginally affect their
strength. In a much smaller, circular domain, Sakai
(1986) has explored these resonances, which in his
case, happen at basin scales because the basin is so
small and take the form of vortices and stationary
waves.

(4)
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The sensitivity of the model was investigated using strength of the sponges and the interior dissipation
higher resolution and larger domains. These integra- only changed the recirculation strength slightly while
tions showed no qualitative change and very little resulting in no significant qualitative change in the
quantitative change in the results. Varying the recirculation gyres.
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3. Model results

We consider the model with the following parame-
ters:

Baim = 2 X 107" (ms)™!
S =25000m?s™!
L =40 km
Rinterior = (900 days)™*
Reponge = (1 day) ™",

which gives 8 = 0.05, Riyerior L2/S = 0.00081, and
RspongeLZ/S = (.73. This set of parameters is
chosen to provide an unstable, energetic jet and a
sponge strength sufficient to suppress the stationary
meander. The numerical model is first integrated
for the equivalent of 10 years to spin up, which al-
lows the dynamic fields to come into equilibrium.

The run is successively continued for an additional
10 years to allow the computation of mean and eddy
fields.

Figure 1 gives the instantaneous streamfunction at
20 model years, showing large meanders and the eddy
field produced by jet. The barotropic instability in the
jet, clearly evident in Fig. 1, is due to the change in
sign of the meridional gradient of potential vorticity
and results in the growth of meanders. Figure 2a shows
the time-mean streamfunction. We see a stream carry-
ing a transport of 250 Sv if spread over a depth of 5000
m or 50 Sv over 1000 m. We also see two large recir-
culation gyres on either side of the stream, each of these
gyres carrying a transport equivalent to that of the jet
itself, consistent with the results of Hogg (1992). Each
of these gyres has two parts, one of which recirculates
entirely within the domain and the other in which west-
ward flow is returned toward the jet within the sponge
layer where a frictional western boundary current is set
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up. The mean potential vorticity field is shown in Fig.
2b, and we note that the recirculation gyres are located
over areas where the potential vorticity is more or less
homogenized, as expected (Rhines and Young 1982;
Holland et al. 1984). The potential vorticity anomalies
are advected eastward but diminish in strength because
of the eddy fluxes associated with the instabilities and
finally get swept out into the recirculation gyres before
being completely dissipated. Figure 2c shows the scat-
terplot for the mean ¢ and g fields. We note the strongly
linear relation between ¢ and g in the central area of
the plot, which corresponds to the jet region in the
model. The horizontally flattened sections at the ex-
tremity of the plot correspond to the northern recircu-
lation gyre where g is homogenized and ¢ reaches its
extreme value. The vertically flattened sections corre-
spond to the quiescent region to the north of the jet and
the gyre where the planetary S is solely responsible for
changing the potential vorticity.

1500 ; T

The eddy fields, computed using the relation that

A'B" = AB — AB, are shown in Figs. 3a—d and reveal
a rich spatial variation. Most prominent is the cigar-
shaped region of high streamfunction variability in the
center of the domain (Fig. 3a). The velocity covariance
terms are also maximal in this region (Figs. 3b-d).
Focusing on the recirculation region (Fig. 4a), we
see that the eddy flux of potential vorticity (Fig. 4b)
and its divergence (Fig. 4c) are maximum upstream
of the area of the most intense eddy activity where
the barotropic instability is removing the potential
vorticity extrema. It is also the region where the
Reynolds stress term ' v’ (Fig. 3¢) has its maximum
amplitude and where there is intense, short timescale
variability as revealed in the Hovmoeller diagram
(Fig. 5a). In the actively unstable region the distur-
bances propagate rapidly downstream. As the stream
stabilizes, the sense of phase propagation reverses,
although the group velocity continues to be eastward.
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Away from the jet at y = 750 km, (Fig. 5b) the time
evolution of ¢ is quite different: we see only west-
ward phase and eastward group propagation by
waves radiated from the jet.

The dependence of the recirculation strength on g is
shown in Fig. 6. We define a nondimensional recircu-
lation index T as the mean recirculating transport di-

vided by 25 (S is one-half of the jet transport). A T of
unity would mean that each of the recirculation gyres
carries a transport equivalent to that of the jet. A 7 of
one-half means that the combined transport of the re-
circulation gyres is equal to that of the jet. The strength
decreases by about 20% over a change of one order of
magnitude in £. At values of § > . there is no insta-
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bility and, consequently, no eddy field to force recir-
culation.

There is some sensitivity of T to the value of the
interior friction, parameter, Riyerior- 1he upper solid

curve in Fig. 6a was computed using essentially no in-
terior friction, and the strength of the recirculation falls
with increasing § and vanishes at 8 = 0.9, just below
the value of 8. = 1.007. At a particular value of
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B = 0.05, our ‘‘standard case,”” Fig. 6b shows the de-
pendence of T on Rierqr: it decreases by a factor of 2
when Rigerior =~ 2.5 X 1073, corresponding to a bottom
friction of 300 days™'. The lower solid curve in Fig.
6a was determined using a bottom friction of 900
days ~': here the recirculation vanishes for § > 0.5.

4. Discussion of model results

The primary difference between the results presented
here and those of Haidvogel and Rhines (1983) is the
form of the forcing used to drive the eddy field. In their
study, the source of the eddy field was a time-varying,
spatially localized wind stress, whereas our study util-
izes an unstable jet. Our eddy variance has a shape and
intensity similar to that observed in the Gulf Stream
(Schmitz et al. 1983; Hogg 1993): most notable is that
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the zonal variation scale is much larger than the merid-
ional scale. The forcing used by Haidvogel and Rhines
(1983) yields an eddy field whose variability has sim-
ilar zonal and meridional lengthscales.

Malanotte-Rizzoli et al. (1995) also specified the
forcing in a barotropic model. By including just the
northern half of the domain and having the southern
boundary mimic the meridional velocity of traveling,
evolving meanders they found reasonable agreement
between the observed and modeled covariances. How-
ever, they were only able to obtain a reasonable recir-
culation strength if the bottom topography was de-
formed to give closed potential vorticity contours. This
feature was motivated by the work of Hogg and Stom-
mel (1985), who suggested that the combination of the
real bathymetric slope and the shape of the thermocline
results in closed potential vorticity contours for the sub-
thermocline layer. In our model, in which the forcing
of the mean flow arises through instability of the jet,
closed potential vorticity contours result from the ho-
mogenization produced by the resulting eddy fluxes
and the recirculation gyres arise more naturally.

As noted above, there are some qualitative similari-
ties between this simple barotropic model and observed
variability near the Gulf Stream. In addition to the low
aspect ratio, the prominent maximum in eddy energy
(Figs. 3b and 3d) is aligned with the jet axis and
reaches a maximum well downstream of the ‘‘inlet,”’
although the distance suggested by the model, some
3000 km, is somewhat greater than it is in the real
world. The intensity of this maximum, approximately
750 cm?® s 72, is similar in a depth-integrated sense to
observed values of 3000 cm® s~2 near the surface and
200 cm’® s 2 below the thermocline. Finally, the struc-
ture in the Reynolds stress term, #'v’ (Fig. 3¢), resem-
bles the classic pattern (e.g., Schmitz et al. 1983) with
a change in sign across the axis of the stream. However,
for this latter field the model is somewhat richer in
structure than the conventionally accepted (and under-
sampled ) Gulf Stream pattern. Within the recirculation
zone (i.e., a few hundred kilometers of the axis) there is
a checkerboard pattern: to the west of the energy max-
imum the u'v’ changes from positive to negative going
from south to north while to the east of the energy
maximum the opposite is true. Farther from the axis we
see wings of negative u’v’ spreading to the northwest
and positive values to the southeast, the expected dis-
tribution produced by Rossby wave radiation from an -
unstable stream (Hogg 1988) and quite evident in the
Hovmoeller diagram of Fig. 5b.

Some of these features can be interpreted in terms of
a statistical model proposed by Hogg (1993) and in-
spired by current meter observations near the Gulf
Stream. Consistent with these data the spatial covari-
ance function for streamfunction perturbation is pro-
posed to be ‘‘quasi homogeneous and quasi isotropic’’
in the sense that the normalized covariance function is
both homogeneous and isotropic:
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P (x) Y (%) = VEIVE) (X —x]), (5)

where V2(x) = ¢"(x)-¢'(x). With the further as-
sumption that motions are quasigeostrophic (especially
true for the model) all the velocity covariances as well
as the vorticity fluxes and divergences can be derived
from the streamfunction covariance (Bretherton et al.
1976). These relations are

<
<
Il

W= = VAX)f(0) + V3
"= = VER)F(0) + V?
T = = VY,

<
Il

(6)

The ‘‘quasi-homogeneous, quasi-isotropic’’ assump-
tion is approximately obeyed in the model. Figure 7
shows calculations of the normalized spatial covariance
function, f(|x, — x,|), at various locations in the recir-
culation region of the model. Although both anisotropy
and inhomogeneity are evident, all locations show a
dominant central high, which is reasonably circular and
decays over a scale of about 175 km (a Gaussian with
decay scale of 150—-200 km is a good representation).

At the more northerly locations, the periodic nature of
the radiating Rossby waves asserts itself and produces
the positive and negative lobes adjacent to the central
high. Figure 8 shows the actual covariance fields and
those calculated from Egs. (6) for an expanded region
within the recirculation zone. There is good qualita-
tive similarity although the amplitude foru’v’ is much
too low for the derived field. We can see that
the ‘‘checkerboard’’ pattern for this quantity arises
from the product of mixed derivatives in (6). The
valley in u’u’ aligned with the jet axis to the
west of the maximum is also captured by the statistical
model in which it arises from the vanishing of the V,
term at y = O km.

Using this statistical model Hogg (1993) went on
to calculate the strength of the recirculation in the ab-
sence of a jet in which case the mean potential vortic-
ity balance reduces to the eddy Sverdrup relation (2).
The inclusion of a jet introduces important nonlinear
advection terms to the balance and renders this ap-
proach less useful.

There are good physical explanations for these
characteristics of the variance fields as well: Already
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mentioned is the tendency for Rossby wave radiation
to produce the ‘‘butterfly wings’’ of negative and pos-
itive values of u’v’ well to the north and south of the
jet. Within the jet the barotropic instability process
attempts to smooth the jet profile and the resulting
momentum fluxes will be positive on the north and
negative on the south, as observed in the upstream
region. Finally, where the resulting meanders are still
small compared to the jet width, the perturbation of
the zonal velocity will be a minimum along the axis
where the jet velocity is a maximum.

In a manner analogous to the approaches of Hogg
and Stommel (1985) and Cessi et al. (1987), we have
been able to construct a simple conceptual model of the
time-mean state of our time-dependent model. Figure
9a shows the meridional distribution of potential vor-
ticity for the northern half of the model at selected lon-
gitudes. We see the smoothing of the large anomalies
found near the western boundary and the development
of a plateau of uniform potential vorticity within the
recirculation. At this point the potential vorticity can
be modeled as three regimes (Fig. 9a):

q = ay, 0<y<y
qd={q = BYm» Yo<y<y (7)
q = By, n<y

with ay, = By, so that g is continuous aty = y,. Within
each of the first two regions the velocity is parabolic in
y if we neglect the contribution of the zonal derivative
of the meridional velocity to relative vorticity, which,
based on model data, is a very good approximation.
Matching at y, and setting u#(y) = 0 at the edge of the
recirculation, y = y;, gives

—(a — ,B)y2/2 + B2YmY1 — YmYo — )’%)/2,

0<y<y
u(y) = 5 5 }
By —ym) = h — Y2, o<y <y
0, y < y.
(8)

There are three unknowns, yg, ¥, and y, representing
the edges of the recirculation and the position where
the homogenized potential vorticity equals the plane-
tary value (and the recirculation velocity is a maxi-
mum). Two conditions are provided by the require-
ments that the total recirculation transport vanishes and
that the normalized jet transport equal that prescribed
at the inlet:

1= J; u(x, y)dy = (8/18)yo(3y; + y0)(¥1 — Yo)

Y1
0= f u(x, y)dy = (31 — ¥6)2(3Ym — yo — 2y1)/3;

Yo
9
the second of which simplifies to y,, = (yo + 2y,)/3.
A third and final condition is ad hoc—that the me-

ridionally integrated vorticity anomaly 6Q be con-
stant:

80 =f0 (q(y) — By)dy

= (B16)(y3 — y§) = u(0) = 2/¥m  (10)
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after being nondimensionalized. These three con-
ditions reduce to a single polynomial of fourth de-
gree, whichcan then be solved. The variation of the
recirculating transport with 8 is shown in Fig. 6
where agreement with the modeled transport is rea-
sonable, especially for values of 3 well below crit-
ical. In Fig. 9b we show, for two values of 3, the
plots of g versus ¢ from both the numerical model
and analytic models. For 8 = 0.05 we make a com-
parison in Fig. 10 of the calculated zonal velocity
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F1G. 9. (a) Meridional distribution of potential vorticity in northern
half of the model for selected longitudes (at x = —3000 km, —2000
km, —1000 km, and 0 km) for § = 0.05. Notice the flattening of the
profiles toward the line ¢ = Sy (thin solid line) and the development
of a homogeneous plateau. Dotted line gives the distribution of the
kinematic model. (b) Distribution of nondimensional g vs ¢ for 8
= 0.05 (upper panels) and g = 0.5 (lower panels) giving both nu-
merical model values (left panels) and those predicted by the kine-
matic model (right panels).
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FiG. 10. Mean zonal velocity (solid) and calculated zonal
velocity from the kinematic model (dashed).

with the mean from the model at a position near the
maximum of the recirculation and again find a rea-
sonable agreement.

5. Conclusions

Inertial western boundary currents such as the Gulf
Stream advect low potential vorticity water northward,
at least to the extent that advection dominates dissipa-
tion. By imposing the jet structure at the western inlet,
in our model, we have simulated this feature in a tra-
ditional ‘‘two gyre’’ sense with a negative anomaly to
the south of the axis and a positive one to the north. If
the jet structure is sufficiently intense, such that g
< f3., these anomalies create extrema in the ambient
potential vorticity distribution and the jet is barotropi-
cally unstable. The resulting disturbances flux potential
vorticity in such a way as to smooth out the anomaly
and create plateaus of uniform potential vorticity to the
north and south of the jet axis in which inertial recir-
culations form. A simple, piecewise linear model of the
mean potential vorticity distribution has reproduced, in
a semiquantitative sense, many of the features of this
recirculation including the dependence of its strength
on . In the sense of the ‘‘eddy Sverdrup relation’’
[Egs. (1) or (2)] the recirculation gyres are only
weakly forced by the eddies and, instead, are predom-
inantly inertial with the mean vorticity balance being
dominated by advection of relative and planetary vor-
ticity. It is unclear to us how these dynamics might
survive in a baroclinic jet where baroclinic instability
is also possible, and we intend to explore this dimen-
sion in the future.
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