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Summary A hybrid 3-layer quasi-geostrophic/planetary geostrophic (QG/PG) model is introduced to examine the baroclinic 
evolution and meridional flow of abyssal currents in a wind-driven, stratified and differentially rotating basin with variable 
bottom topography. The model resolves mesoscale processes and allows for the formation of a wind driven surface intensified 
ocean circulation, with a pole ward western boundary current, and a source driven equatorward flowing deep western boundary 
undercurrent. Baroclinic and barotropic instability within the surface intensified western boundary current, and baroclinic 
instability between the abyssal current and the overlying wind driven circulation, is resolved. The model allows for finite 
amplitude variations in the height field of the abyssal current so that groundings in the thickness or isopycnal field associated 
with the undercurrent are resolved. A southern boundary upwelling scheme is introduced, within the context of a closed basin 
with no-slip boundary conditions, to balance the northern source of abyssal water thereby allowing the meridional transport of 
abyssal water to evolve toward a steady state. 

 
INTRODUCTION 

 
Stommel and Arons [1] showed that the Sverdrup vorticity balance predicts the equatorward flow of a 
source driven abyssal water mass. Thus, in the immediate vicinity of the region of deep-water 
production in high latitudes, there is an intrinsic tendency for preferential equatorward abyssal flow. 
Away from the source region, much of the abyssal circulation is strongly characterized by the isopycnal 
field being grounded against sloping topography (e.g., the deep western boundary undercurrent in the 
North Atlantic, Richardson [2]) and the flow being in geostrophic balance. Indeed, as shown by Nof 
[3], a fully grounded (i.e., compactly supported) abyssal water mass, in the fully nonlinear but reduced 
gravity dynamical limit, moves nondispersively and steadily in the along slope direction (in a right 
(left) handed sense in the northern (southern) hemisphere), regardless of the height or vorticity field 
within the abyssal water mass. 
These two results provide a compelling scenario for the initiation and maintenance of grounded abyssal 
flow. That is, in high latitude source regions where deep water is produced (often over sloping 
topography), the Sverdrup vorticity balance initiates equatorward flow. One produced, this abyssal 
flow can become grounded and geostrophic adjusted, maintaining a Nof balance which permits 
sustained basin scale meridional quasi-steady and coherent propagation regardless of the spatial 
structure of the water mass. Of course, this picture leaves out many important dynamical processes 
such as diabatic effects, baroclinicity, instability and mixing. In addition, such a scenario cannot 
explain cross-equatorial abyssal currents where the underlying assumptions of geostrophically balanced 
grounded flow must necessarily breakdown. 
The principal purpose of the present contribution is to briefly describe some results from a model for 
the sub-inertial evolution and meridional flow of source driven grounded abyssal currents over sloping 
topography and their baroclinic interaction with the overlying wind driven circulation. 
 

MODEL EQUATIONS 
 
Succinctly summarized, the model is an amalgamation, with the inclusion of variable topography and 
mass conserving up and downwelling, of the two layer QG model used by Holland [4] to investigate 
the baroclinic evolution of the wind driven circulation and the QG/PG abyssal current model of 
Swaters [5] used to investigate the baroclinic instability of grounded geostrophic flow. A continuously 
stratified version of the present model is described by Poulin and Swaters [6] and Reszka et al. [7]. 
Assuming a Boussinesq, rigid-lid approximation with wind stress, horizontal and bottom friction, 
topography, and mass conserving up or downwelling, the nondimensional model can be written in the 
form  
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where the notation is standard.  
The wind stress is explicitly distributed only over the upper layer and the upper layer does not have 
surface Ekman friction. The upper two layers have horizontal friction, but this has been neglected in the 
abyssal layer. The abyssal layer does, however, include bottom friction. It can be shown that, in the 
unforced, inviscid limit, the horizontal divergence of the barotropic mass flux is zero. That is, whatever 
mass is accumulated into or lost from, say, the abyssal layer, is assumed to have been instantaneously 
gained from or lost into the upper two layers (where the distribution over the upper two layers is in 
proportion to the individual upper layer volume fractions). The net barotropic QG mass transport is 
forced only by wind stress and bottom friction. The unforced, inviscid dynamics of the model is, 
therefore, purely baroclinic. Though in geostrophic balance, the leading order abyssal layer equations 
are not geostrophically degenerate and allow for finite amplitude dynamic deflections in the abyssal 
layer height. The model can be formally derived in a small Rossby number limit of the 3-layer shallow 
water equations (Swaters [5], Poulin and Swaters [6] and Reszka et al. [7]).  
There are a number of sub-dynamical, or distinguished, limits in the model which are well known such 
as the Nof balance describing grounded abyssal flow (Nof [3]), the Stommel-Arons Sverdrup vorticity 
balance describing the equatorward flow of a source driven abyssal water mass (Stommel and Arons 
[1]), the planetary shock wave balance (Anderson and Killworth [8] and Dewer [9]) describing the 
amplitude-beta induced isopycnal steepening associated with the frontal geostrophic dynamical regime 
(Karsten and Swaters [10]) and, finally, the coupling between the abyssal layer and the overlying ocean 
which can lead to baroclinic instability and mixing (Swaters [5,11], Poulin and Swaters [6], Reszka et 
al. [7] and Mooney and Swaters [12]). 
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