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ABSTRACT

Numerical solutions of a simple theoretical model of the wind-driven circulation with inertia for a constant
density ocean depend strongly upon whether the western boundary is modeled with a vertical sidewall or a
smooth continental shelf. In the basin with the continental shelf, unsteady single-gyre inertial solutions are
obtained for anticyclonic winds while steady single-gyre inertia solutions typically are obtained for cyclonic
winds. In the flat-bottom basin, however, the corresponding model solutions are steady for both anticyclonic
and cyclonic winds. In addition, for cyclonic forcing, multiple equilibria are found in the basin with the western
continental slope but not in the flat-bottom basin (although the uniqueness of the solutions in the flat-bottom
basin has not been proven). The dependence of the model solutions on the topography and the sign of the wind
forcing is attributed to the effects of friction, which are localized in the southwest corner of the basin for the
continental slope topography, but which are important in boundary layers at vertical sidewallsfor the flat-bottom

topography.

1. Introduction

Recently, theoretical models of the wind-driven cir-
culation for a homogeneous ocean have been revisited
to determine how a western continental slope modifies
the classical solutions of Stommel (1948) and Munk
(1950) (e.g., Samon 1992, 1994; Kubokawa and
McWilliams 1996). The motivation for thisis two-fold.
First, itiswell known that the path of the western bound-
ary current is affected by the continental shelf and slope;
hence, a better theoretical understanding of how this
O(1) topography affects the circulation is warranted.
Second, theoretical models of the general circulation
have been shown to be sensitive to boundary conditions
imposed at coastlines modeled as vertical sidewalls
(e.g., Cummins 1992). As a continental slope acts to
direct the flow away from the coast, it is anticipated
that this topography will reduce or eliminate the sen-
sitivity of the theoretical models to the sidewall bound-
ary conditions.

In the linear approximation, the wind-driven circu-
lation in a basin with awestern continental slopeiswell
understood and differs significantly from that in a flat-
bottom basin. To see how the linear solution depends
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upon a western continental slope, consider a homoge-
neous fluid layer of variable depth governed by the hy-
drostatic primitive eguations. The depth-independent
flow in the layer is forced by the wind and is damped
by Rayleigh friction. Then, steady linear solutions for
the transport streamfunction s obey the vorticity equa-
tion (e.g., Welander 1968):

f 1
o(fo) - ) - w
where f = By is the Coriolis parameter, H = H(X, y)
is the fluid depth, W = W(X, y) is the curl of the net
stress acting on the fluid (see section 2), R is the co-
efficient of Rayleigh friction, and J(a, b) = a,b, — a b,
is the horizontal Jacobian. The solution of (1.1) also
must satisfy ¢ = 0 at lateral boundaries. We emphasize
that the quasigeostrophic approximation has not been
made in the derivation of (1.1), which allows us to con-
sider here solutions of (1.1) for which the variation in
the fluid depth H is O(1). In particular, we compare
solutions of (1.1) for two topographies: (i) a basin with
acontinental slope that takes the ocean depth H smooth-
ly to zero at the western boundary and bounded at the
north and east with vertical sidewalls (Figs. 1a,b) and
(i) aflat-bottom basin bounded at the west, north, and
east by vertical sidewalls. For both topographies, the
southern boundary of the model basin is the equator
where the boundary condition ¢y = 0 corresponds to

cross-equatorial symmetry of the dynamics.
Equation (1.1) may be viewed as an advection—dif-
fusion equation for ¢, with “‘streamlines’ f/H and

(1.1)
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Fic. 1. (a),(b) The ocean depth H(x, y), which varies from zero at
the western coast to 1 in the interior. (c) The corresponding contours
of y/H. (d) The anticyclonic wind stress curl, (1.2).

“source’” —W. Then, lines of constant f/H are char-
acteristics of (1.1) and for the case where the W-forcing
term is negligible near boundaries, friction isimportant
where the flow must cross these characteristicsto return
to the interior. Hence, friction is important where the
lines of constant f/H intersect the western boundary.
For a flat-bottom ocean with H(x, y) = const, these
characteristics are zonal lines and friction is important
along the western boundary in the Stommel layer. In
contrast, in the basin with a western shelf (Figs. 1a,b),
the characteristics intersect the western boundary at the
equator (Fig. 1c) and the dominant frictional effectsare
localized in the southwest corner of the basin. We re-
mark that we are not considering here solutions of (1.3)
for topographies with closed f/H contours. In these so-
lutions, ¢ is advected around the f/H contours and fric-
tion acts to diffuse ¢ across these closed contours (e.g.,
Rhines and Young 1983).

Figure 2 presents a comparison of the solutions of
(1.2) forced by a single-gyre wind stress curl that acts
over the middle half of a square basin (0 = x=1,0
=sy=1

. 1 1 3
W(X, Y) sin 277(y 4) , 2 <y < 2 (1.2
(Fig. 1d) for the two topographies. That the flow follows
the f/H lines is evident in the linear continental slope
solution of Figs. 2a,b which shows that ¢ has atail that
extends toward the southwest, beyond the region of di-
rect wind forcing. This is because the geostrophic con-
tours have been deflected by the continental slope (Fig.
1c). The linear flat-bottom solution (Figs. 2c,d), how-
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Fic. 2. A steady, linear circulation. The transport streamfunction
s (upper panels) and vorticity multiplied by the ocean depth HZ (lower
panels) that satisfy (1.3) with (Ro, ¢) = (0.0, 0.01); with wind stress
curl given by (1.2) and (a),(b) a basin with a western shelf; the H(x,
y) of Figs. 1lab, and (c),(d) a flat-bottom basin with H(x, y) = 1. In
the continental slope solution (b), asingle dominant negative vorticity
sheet is bounded by weaker positive layers. In contrast, for the flat-
bottom solution (d), the vorticity sheet lies in the frictional western
boundary layer. We present contours of H{ rather than ¢ because of
the large values of vorticity that occur in the southwest corner of the
basin in the continental slope solutions. In all contour plots, the solid
(dashed) contours correspond to positive (negative) values and the
contour intervals for ¢ and H{ are 0.1 and 100, respectively.

ever, is confined to the region of direct wind forcing by
the zonal geostrophic contours. In addition, the vorticity
in the linear continental slope solution (Fig. 2b) consists
of layers aligned along the f/H contours that are well
removed from the western boundary except near the
southwest corner of the basin. The vorticity layer of the
flat-bottom solution (Fig. 2d) is confined to the western
boundary and has no direct counterpart in the conti-
nental slope solution.

The purpose of the present work is to determine how
inertia modifies the linear, single-gyre continental slope
solution of Figs. 2a,b and to compare these results with
the known results for the effects of inertia on the linear
flat-bottom solution (e.g., Veronis 1966). We recognize
that baroclinic effects that are not treated here are ex-
pected to be significant. These will be the subject of a
future study. With inertia, (1.1) becomes (in standard
nondimensional form, see section 2)

Ro% 4 J(¢, M) = —el + W(xy), (139
ot H
where
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{=V- (%le) (1.3b)
is the relative vorticity, and Ro = U/f,L and ¢ = R/f,
are the Rossby number and nondimensional coefficient
of Rayleigh friction, respectively (U/L are velocity/
length scales, respectively, and f, is a representative
value of the Coriolis parameter f). The solutionsof (1.3)
depend upon the two controlling parameters (Ro, ).

An effort to determine the effects of inertia on the
solutions of (1.3) forced by a double-gyre wind in a
basin with a western continental shelf was carried out
by Becker and Salmon (1997, hereinafter BS97). They
determined numerical solutions of (1.3) in arectangular
basin (0 =x =1, 0=y = 2) forced by the wind stress
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for two topographies analogous to those considered
here: a basin with a western continental shelf and aflat-
bottom basin. For fixed values of the Rayleigh friction,
steady continental slope solutions were obtained for
weak nonlinearity, while above athreshold Rossby num-
ber, the continental slope solutions were unsteady with
eddies pinching off near the western boundary. BS97
interpreted these results physically using vorticity dy-
namics arguments. For the double-gyre forcing (1.4),
the linear continental slope solution consists of two
counterrotating gyres with tails that extend to the south-
west corner of the basin (Fig. 2c of BS97). The subpolar
gyre is weaker than the subtropical gyrein part because
the subpolar gyre passes through regions of both cy-
clonic and anticyclonic forcing. Thevorticity field given
by (1.3b) consists of two dominant vorticity layers
aligned along the f/H contours. a negative layer asso-
ciated with the subtropical gyre and a slightly weaker
positive layer associated with the subpolar gyre (Fig.
2d of BS97). The introduction of inertia leads to the
self-advection of these vorticity layers from southwest
to northeast and awrapping of the weaker positive layer
around the stronger negative layer at the northern tip of
the sheets (Fig. 3d of BS97). Unsteadiness in the con-
tinental slope solutions results from the strong inter-
action of these vorticity layers.

In contrast, for the flat-bottom basin, the linear so-
lution of (1.3) forced by (1.4) consists of two symmetric
counterrotating gyres. The associated vorticity layers
also are symmetric and are confined to boundary layers
at the western vertical sidewall. These symmetric vor-
ticity layers are well separated from each other in the
linear approximation, and BS97 found that these layers
did not interact significantly until advection had pulled
these layers far offshore. As a result, BS97 found that
the solutions of (1.3) for nonzero Ro in a flat-bottom
basin showed significantly less eddy formation than the
corresponding continental slope solutions.

1

W(x, y) = —sin (1.4)
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FiG. 3. Unsteady continental slope solution for anticyclonic forcing.
Snapshot of ¢ (upper panels) and H{ (lower panels) that satisfy (1.3)
for (Ro, ¢) = (2.0 X 104, 0.01), the wind stress curl (1.2), and
H(x, y) of Figs. 1lab.

The double-gyre wind stress curl of (1.4) considered
in BS97 corresponds to an x-independent source of pos-
itive vorticity in the northern part of the basin and sink
in the southern part of the basin so that the net vorticity
input from the wind is zero. In the paper, we study
solutions of (1.3) for which the single-gyreforcing (1.2)
provides a nonzero vorticity input. The wind of (1.2)
adds negative vorticity and forces an anticyclonic gyre;
we also consider here solutions of (1.3) for wind given
by —(1.2) that adds positive vorticity and forces a cy-
clonic gyre.

As in BS97, vorticity dynamics also provide some
insight into the effects of inertia on the single-gyre con-
tinental slope solutions of (1.3) forced by thewind (1.2).
The vorticity field of the linear, single-gyre continental
slope solution consists of a single dominant negative
vorticity layer bounded by significantly weaker positive
layers (Fig. 2b). Due to the alignment of these vorticity
layers and their asymmetry, strong vorticity interactions
are anticipated for the single-gyre continental slope so-
Iutions with inertia. In addition, while changing the di-
rection of thewind forcing from anticyclonicto cyclonic
only changes the sign of the linear solution of (1.3),
numerical experiments reveal that the continental slope
solutions with inertia strongly depend upon the sign of
the wind forcing. In certain parameter regimes, single-
gyre continental slope solutions of (1.3) are unsteady
for anticyclonic wind forcing but steady for cyclonic
wind forcing. The different behavior exhibited by the
continental slope solutions with inertia as the sign of
the wind is changed may be interpreted as follows: for
anticyclonic winds, the vorticity layers are advected
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away from the southwest corner of the basin where fric-
tion isimportant (where the characteristics intersect the
western boundary); therefore, inertial effects are im-
portant in regions where damping is ineffective and un-
steady, inertially dominated flows are realized. Alter-
natively, for cyclonic wind forcing, the vorticity layers
are advected into the southwest corner of the basin
where a steady balance between advection, forcing, and
damping may be achieved. In contrast, in the flat-bottom
basin where friction isimportant along the western side-
wall, steady solutions with inertia are obtained for both
anticyclonic and cyclonic winds and are related by the
symmetry of the flat-bottom dynamics.

We also find that for single-gyre, cyclonic wind forc-
ing given by —(1.2), multiple equilibria satisfy (1.3) for
the basin with the continental slope in certain parameter
regimes. In a flat-bottom basin, it recently has been
shown that the barotropic vorticity equation (BVE) with
lateral friction supports multiple equilibria (e.g., lerley
and Sheremet 1995) for single-gyre winds although it
is speculated there that with linear (Rayleigh) friction,
the single-gyre solutions of the BVE are unique. The
guestion naturally arises as to whether multiple equi-
libria occur in a basin with a shelf. Here, two steady
single-gyre continental slope solutionsof (1.3) arefound
for cyclonic winds above a threshold Rossbhy number.
While only one flat-bottom single-gyre solution branch
of (1.3) has been obtained in this study, we have not
established whether or not the flat-bottom solutions of
(1.3) are unique.

This paper is organized as follows. In section 2, the
dynamics and numerical model are briefly described (a
more thorough description may be found in BS97). In
section 3, the numerical solutions of (1.3) are discussed
for anticyclonic and cyclonic single-gyre winds and for
the two topographies, the flat-bottom basin, and the ba-
sin with the western continental shelf. The numerical
results for anticyclonic single-gyre wind forcing are
consistent with those obtained in BS97 for double-gyre
wind forcing; the introduction of a western continental
shelf results in unsteady inertial solutionswhile the cor-
responding solutions in a flat-bottom basin are steady.
For cyclonic forcing, however, steady solutions are ob-
tained for both topographies in certain parameter re-
gimes. The regions where friction is important are
shown to have a significant effect on these solutions.

2. Dynamics and numerical method

As in BS97, we consider a uniform density ocean
governed by the hydrostatic primitive equations,

Du AT
— 4+ fkXxu=-V¢ — Ru+ — .
Dt fk Xu Vé — Ru e (2.1
d¢
- -2 2.2
0 p (22)
9
vu+rP_o 23)
0z

BECKER

515

Here, u, the horizontal part of the velocity (u, w), is
assumed to be z independent; f = By is the Coriolis
parameter; k is the vertical unit vector; V = (o,, 9,) is
the horizontal gradient operator; ¢ is the pressure (di-
vided by the uniform density); A7 = 7, — 7, is the
difference between the prescribed stress at the surface
and bottom of the ocean; and

D o

Dl - ot +u-V.
The constant R in (2.1) is the coefficient of Rayleigh
friction and the stress terms have been approximated in
a manner consistent with the assumption of z-indepen-
dent horizontal velocity. The boundary conditions on
(2.1-3) are no normal flow through the bottom,

w=—-u-VH a z= —H(x V), (2.4)
and rigid lid,
w=0 a z=0. (2.5)
Introducing the transport streamfunction i,
Hu = (=4, $), (2.6)

which follows from (2.3)—(5), and taking the curl of the
momentum equations (2.1), we obtain

9 CHBY) _
p + J(tp, H ) R+ W(x y), (279
where ¢ is given by (1.3b) and
WX, y) =k -V X (%) (2.7b)

In the present work, we take the W-forcing term to have
the simplified form (1.2).

As in BS97, we nondimensionalize (2.7) by scaling
(x, y) by L, z by H, (a representative ocean depth), u
by U, w by UH//L, t by L/U, ¢ by f,UL, and = by
f,H,U to obtain the nondimensional vorticity equation
(1.3).

The numerical model is that used in BS97. Briefly,
to solve (1.3), we replace dy/ot by a centered time dif-
ference and regard the resulting eguation as an elliptic
equation for ¢ at the new time. The only boundary
condition is di/dt = 0. We treat the (linear) J(y, y/H)-
term semi-implicitly and use a two-dimensional gen-
eralization of Leonard’s (1984) third-order upwind
scheme for the (nonlinear) vorticity advection term in
(1.3). Theresulting equation then is solved by relaxation
at each time step.

3. Numerical solutions

We next present the numerical solutions of (1.3) ina
square basinon 0 = x = 1, 0 = y = 1 with the southern
boundary corresponding to the equator as a function of
the two controlling parameters (Ro, &). The boundary
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condition is ¢y = 0 at the western, northern, and eastern
coastlines and at the equator (where it corresponds to
cross-equatorial symmetry of the flow). Asin BS97, we
focus on two cases of topography. In the first case, the
ocean depth H(x) vanishes smoothly at the western
boundary, with the idealized shelf and slope depicted
in Figs. 1a,b; the northern and eastern boundariesremain
vertical. In the second case, the ocean bottom is flat (H
= 1) and all coastal boundaries are vertical walls. The
dependence of the solutions of (1.3) on the sign of the
wind forcing also is examined. The wind of (1.2) forces
an anticyclonic circulation; reversing the sign of (1.2)
yields cyclonic forcing.

a. Anticyclonic winds

We first describe the solutions of (1.3) for the anti-
cyclonic wind forcing (1.2) as a function of Ro for the
fixed value of e = 0.01. The effects of inertia on the
flat-bottom solution of (1.3) (Figs. 2¢,d) have been es-
tablished previously (e.g., Veronis 1966). We confirm
that a sequence of steady solutions similar to those of
Fig. 12 of Veronis (1966) satisfies (1.3) as the Rosshy
number isincreased.* Briefly, inertia causesthe vorticity
layer at the western boundary to be advected northward
and then eastward along the northern boundary.

The results of BS97 for a double-gyre wind suggest
that continental slope solutions with inertia will be un-
steady. As discussed in the introduction, for nonzero
Ro, the vorticity layers of the linear continental slope
solution are advected away from the southwest corner
of the basin where friction is important. Hence, the in-
teraction between the strongly asymmetric vorticity lay-
ers of the linear single-gyre solution (Fig. 2b) occurs
on the shelf where frictional effects are too weak to
establish a steady dynamical balance. As anticipated,
unsteady continental slope solutions are obtained for all
values of Ro tested (1.0 X 104 = Ro = 14 X 1074)
for the anticyclonic single-gyre wind (1.2).

We next describe the behavior of the unsteady, an-
ticyclonic single-gyre continental slope solutions as the
Rossby number is increased. For small values of Ro
(1.0 X 10* = Ro = 6.0 X 10-%), the landward edge
of the tail of the linear anticyclonic gyre is drawn up
parallel to the western boundary and small-scale ed-
dying occurs over the shelf. This eddying initiates near
the southern end of the vortex layers (Fig. 3). By Ro
= 8.0 X 104, the unsteadiness resembles more closely
that of the double-gyre solutions of BS97 with meanders
in the current jet along the northern edge of the gyre.
Figure 4 presents five snapshots of this time-dependent
solution for Ro = 8.0 X 10, The vorticity plots show
that the nonlinear flow still appears to be influenced by

1 Veronis (1966) considered awind stress curl confined to the lower
% of the basin, while the wind stress curl (1.2) is confined to the
middle half of the present model basin.
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the characteristics of the linear dynamics asthe vorticity
layers appear to be drawn along both the characteristics
that intersect the northern boundary and those that turn
toward the interior and intersect the eastern boundary
(Fig. 1c).

b. Cyclonic winds

As in the previous subsection, we first describe the
solutions of (1.3) for the cyclonic wind forcing —(1.2)
as afunction of Ro for the fixed value of ¢ = 0.01. The
linear flat-bottom solution of (1.3) for cyclonic wind
forcing differs from that in Figs. 2c,d only by a sign
change (not shown). While Veronis (1966) did not study
the effects of inertia on the flat-bottom solution for cy-
clonic winds, we find that for cyclonic forcing, a se-
quence of steady solutions satisfy (1.3) as the Rossby
number is increased that are related to those for anti-
cyclonic forcing by the symmetry of the flat-bottom
dynamics. Figures 5a,b present a flat-bottom solution
for Ro = 8.0 X 104 that shows that the (positive)
vorticity layer at the western boundary has been ad-
vected southward and then eastward along the equator.

In the linear approximation, reversing the sign of the
wind (1.2) simply reverses the sign of the solution of
(1.3) for both the flat-bottom and continental slope to-
pography. For both topographies, friction becomes im-
portant where the wind-driven flow crosses character-
istics; this occurs near where these characteristics in-
tersect the western boundary. In contrast to the flat-
bottom topography, however, the characteristics for the
continental slope topography intersect the western
boundary at a point in the southwest corner of the basin.
This has important implications for the effects of inertia
on the cyclonic continental slope solutions.

We next describe the continental slope solutions of
(1.3) for cyclonic wind forcing as a function of Ro for
fixed ¢ = 0.01. For small values of Ro (e.g.,, Ro = 2.0
X 10-4), the solution of (1.3) is unsteady. Inertia has
resulted in the advection of the vorticity layers to the
southwest and upon reaching the equator, the flow is
drawn along the equator to near the edge of the shelf.
The unsteadiness appears as slight oscillations in this
flow along the equator. For a range of larger values of
Ro, two continental slope solutions of (1.3) are obtained
for the same values of the controlling parameters. Above
a threshold Ro, these solutions are steady and depend
upon the initial conditions.

Figures 5¢,d show a steady continental slope solution
of (1.3) for Ro = 8.0 X 10~* starting from a nonzero
state. The initial condition for Figs. 5¢,d is the solution
of (1.3) for Ro = 7.0 X 10~ starting from rest. We
followed this solution for 4.0 X 104 = Ro = 14.0 X
10-4. For Ro = 3.0 X 104, this solution is unsteady
and resembles that described above for Ro = 2.0 X
10-4. In the parameter range where this continental
slope solution is steady, the effect of the shelf is to
shelter the western boundary from the southward flow-
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Fic. 4. Unsteady continental slope solutions for anticyclonic forcing. Snapshots of  (upper panels) and HZ (lower panels) that satisfy
(1.3) for (Ro, €) = (8.0 X 104, 0.01), the wind stress curl (1.2), and H(x, y) of Figs. 1la,b. Time increases from left to right.

ing current, but otherwise, this solution resembles the Figures 6a,b show another steady continental-slope
corresponding flat-bottom solution (Figs. 5a,b). Here, solution of (1.3) for Ro = 8.0 X 10~ starting from rest.
inertia advects the vorticity layers acrossthe shelf along  This solution resembles the linear continental slope so-
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Fic. 5. A steady flat-bottom solution and a steady continental slope
solution for cyclonic forcing. The transport stream function ¢ (upper FiG. 6. Steady continental slope solutions for cyclonic forcing. The
panels) and vorticity multiplied by the ocean depth HZ (lower panels)  transport stream function ¢ (upper panels) and vorticity multiplied
that satisfy (1.3) with the wind stress curl given by —(1.2) and (&),(b) by the ocean depth H{ (lower panels) that satisfy (1.3) with H(x, y)
(Ro, &) = (8.0 X 104, 0.01), and H(x,y) = 1 and (c),(d) (Ro, €) = of Figs. 1a,b; the wind stress curl given by —(1.2) and (a),(b) (Ro, &)
(8.0 X 104, 0.01) and the H(x, y) of Figs. 1lab. The solutionin (c),(d) = (8.0 X 104, 0.01), and (c),(d) (Ro, &) = (0.0, 0.01). The solution
was obtained starting from a nonzero state described in the text. in (a) (b) was obtained starting from rest.
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effects of inertia are evident. First, inertia has caused
the southward boundary current to flow more nearly
parallel to the western boundary; this effect of inertia
also is evident in the unsteady anticyclonic solutions of
Fig. 4 where the northward boundary current flows par-
allel to the western coastline. Second, inertia has caused
the flow along the seaward edge of the shelf to overshoot
the latitude where the flow in the linear approximation
is returned to the interior. Starting from the solution in
Figs. 6a,b, we followed this solution branch for 3.0 X
10~* = Ro = 10.0 X 10*. For larger values of Ro, the
solution of (1.3) jumps to the other solution branch de-
scribed above (e.g., Figs. 5c,d).

An important difference between the two steady con-
tinental shelf solutions of Figs. 5¢,d and 6ab is the
region where dissipation is effective. For the solution
of Figs. 5¢,d, the flow overshoots the edge of the shelf
and a boundary layer forms along the equator. Contour
plots of the individual termsin (1.3) show that damping
and inertia are dominant in this boundary layer. Above
a threshold Rossby number of Ro = 3.0 X 10~ for ¢
= 0.01, this solution is steady and closely resembles
the corresponding flat-bottom solution with inertia
(Figs. 5a,b). In contrast, for the second solution shown
in Figs. 6a,b, contour plots of the individual terms in
(1.3) reveal that strong dissipative effects are localized
in the southwest part of the basin. Above a threshold
Rossby number of Ro = 2.0 X 10-“ for ¢ = 0.01, a
steady balance between inertia and this localized dis-
sipation is achieved. This solution depends strongly
upon the shelf topography with a structure that resem-
bles that of the linear continental slope solution (Fig.
6¢,d) and the f/H contours (Fig. 1c).

4, Remarks

Highly idealized models of the general circulation
such as (1.3) are useful in lending insight to more re-
alistic general circulation models and many of the the-
oretical studiesto date have focused on flat-bottom mod-
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els. The results presented here indicate that a western
continental slope has a significant effect on the inertial
solutions of this simple model. The present solutions of
(1.3) for the single-gyre wind stress curl, (1.2), com-
plement the solutions of BS97 for the double-gyre wind
stress curl, (1.4). In particular, the present results show
that whether frictional effects are localized regionally
or in boundary layers at vertical sidewalls significantly
affects the model solutions. A future study will examine
how baroclinicity affects these model results.
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