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Figure 12. Same as (9) except that t = 4.4 x 108 seconds. By this time the baroclinic wave front
has completely traversed all of the basin. A double jet system is seen in both layers and a
relatively quick zonal flow (similar to that seen in the inviscid calculation (Fig. 2c» is observed
to the west of the closed contours in the lower layer. These flows are, however, weak when
compared to the recirculations in the closed contours themselves. The latter flows are,
however, very much dependent on the choice of diffusion.

high F near the singularity or, equivalently, on the slowness with which V'Q approaches
zero in the vicinity of the saddle point.

In a related study by Rhines (1989), the effect of horizontal diffusion near saddle
points in a 1'/2 layer, time dependent, planetary geostrophic channel model were
considered. His results demonstrated how diffusion near the saddle point could lead to
a blocking of a zonal flow. This was accomplished by a ridge in 'T/extending westward
from the saddle point. Here, diapycnal forcing near a saddle point was shown to have a
similar effect, except that the sign of the forcing was such that a trough, instead of a
ridge of'T/was observed.

The long-geostrophic contour component of the flow results from variations with
potential vorticity of either F (=w;/c) or of the distance, following a characteristic,
from the eastern boundary. In the flat-bottom case, for example, zonal flow resulted
from a 1//2 dependence in the characteristic speed, c. Topography, in addition to
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Figure 13. Same as (8a,b), but for t = 4.4 X 108 seconds. Qualitatively the II2 field remains

relatively unchanged, in contrast to the II, field which now also exhibits a planetary island,
allowing for a closed circulation in the upper layer.

affecting c, also affects the integration path length. In general, such variations of path
length may be related to neighboring characteristics having originated in different
parts of the basin's boundary (e.g., the ridge topography problem studied by Cessi and
Pedlosky (1986» or to curvature of the Q field in the basin's interior. Because
topography was isolated from sidewalls and Wi was constant in our model, only
variations with Q of c and the curvature of the Q field were relevant.

Over most of the latitude band in which topographic effects were important, it was
found that excitation of the component of velocity along Q contours (the free flow)
originated in a rather limited domain. This result implies that spatial variation about
the global mean value of Wj could lead to a reversal or intensification of the free flow.
Divergent eddy fluxes of potential vorticity (not considered here) as well as the spatial
variability of diapycnal mixing (in a true steady state) could contribute to such spatial
variability in the forcing. With respect to the eddy forcing, it would be interesting to
study the behavior of smaller scale (e.g., quasi-geostrophic) eddies in the vicinity of
curved Q contours in general and near saddle points of Q in particular.
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Figure 13. (Continued)

The second model added time dependence and stratification to the first, resulting in a
21/2 layer planetary geostrophic model. A relatively large density jump at the upper
interface resulted in a separation of time scales. The fast and slow waves were coupled
by the topography and it was found that this coupling provided a means for communi-
cating information to closed contour regions as well as to saddle points. This communi-
cation serves to feed energy into the baroclinic flow field locally wherever there were
zonal variations in topography. In particular, it enabled the flow to readily cross
barotropic Q-contours in the upper layer and tended to inhibit flow inside closed
Q2-contours in the lower layer. Similar coupling effects would be expected between the
various modes of a multi-layered (or continuously stratified) system. In particular,
processes akin to those discussed here might occur in the spin-up of wind driven gyres,
particularly in basins possessing planetary islands of barotropic potential vorticity.

The latter stages of the spin up showed closed contours in both layers and these
planetary islands of Q, were connected to the western boundary by double jets. The
zonal flow was intensified west of the closed contours in the lower layer, as had been
predicted by the inviscid theory. The evolving reversal in \7Q with depth suggests that
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the flow inside the closed contours may be baroclinically unstable and a more complete
description of the spin up of this region should resolve the eddies ensuing from these
instabilities, as these may playa significant role in the horizontal diffusion of Q.

There are numerous regions of the ocean in which rises and basins occur with lateral
scales similar to those in these models. Typically, topography has amplitudes much
greater than the 0(300 m) heights discussed here and is not generally isolated from
basin sidewalls. This should serve only to increase the role of topography, and there is
already evidence of deep flows significantly stronger than SA's predictions in several
deep basins (e.g., Reid (1989» for the Brazil Basin.

Topography may also affect the abyssal circulation in ways more fundamental than
those discussed here. A mass source entering a basin (such as that that forced Kawase's
model), for example, may be controlled by the hydraulic nature of low through deep
passages between basins (e.g. Hogg, 1983). Similarly, topographic slopes near basin
sidewalls may alter the Kelvin wave component of the spin-up. The intersection of
isopycnals and isobaths pose further complications. The sloping-bottom stratified
boundary layer, for example, ceases to have the properties of Ekman layers (Rhines
and MacCready, 1989; MacCready and Rhines, 1990), and thus new parameteriza-
tions of bottom drag, transverse circulation and interior spin-down must be sought.
Finally, Rhines and MacCready (1989) discuss the effect of basin hypsometry (i.e.
variation in horizontal area with depth) in conditioning the vertical velocity, and hence
the interior general circulation of such basins (there is a strong tendency for anticy-
clonic interior circulation, opposite in sense to SA predictions).
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