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here. Furthermore, the current study considers the impli-
cations of jet variability on large-scale transport properties.

Section 2 briefly describes the model and two diag-
nostics used to analyze the flow: the Rhines scale, ‘b,
and the effective diffusivity, keff. Section 3 considers the
jet structure in simulations with three types of topog-
raphy: bottom slopes, zonally invariant ridges, and two-
dimensional arrays of sinusoidal bumps. A discussion of
the mechanisms contributing to the jet variability, as
well as a consideration of the applicability of this ide-
alized model to Southern Ocean flows, appears in sec-
tion 4. Conclusions are given in section 5.

2. The model and diagnostics

a. Equations

We consider the two-layer, rigid-lid quasigeostrophic
model on a b plane in a doubly periodic domain with

simple topography (Pedlosky 1987; Panetta 1993). The
choice of a two-layer model is based on the ease of nu-
merical calculation, allowing a systematic exploration of
parameter space, while also allowing the system to be
forced ‘‘physically’’ through baroclinic instability. Po-
tential vorticity is advected by a 2D incompressible flow
in each layer and experiences dissipation at small and
large scales:

›

›t
Qi 1 J(Ci, Qi) 5!k*di2=2C2 1 ssd. (1)

Here, Ci is the streamfunction of the upper (i 5 1) and
lower (i 5 2) layers, J is the horizontal Jacobian, dij is the
Kronecker delta, =2 is the horizontal Laplacian opera-
tor, and ssd is the small scale dissipation needed for
numerical stability. Small-scale dissipation is imple-
mented using a wavenumber filter as described in the
appendix of Smith et al. (2002). The potential vorticities,

FIG. 1. Snapshots of PV in the (a) upper and (b) lower layers of a quasigeostrophic simulation
with a flat bottom; the parameters are b 5 0.75 and k 5 0.1 (see section 2a for details). (c),(d)
Snapshots of PV in the upper and lower layers, respectively, of a simulation with bumpy bottom
topography. The topography is defined by a series of sinusoidal bumps as in (19) with kT 5 6p/64l
and s 5 1.0 (Fig. 2). The topography causes the lower-layer meridional PV gradient to vary
between 21.25U/l2 and 0.75U/l2. All other parameters are the same as in the top panels.
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ABSTRACT

Satellite altimetry and high-resolution ocean models indicate that the Southern Ocean comprises an in-
tricate web of narrow, meandering jets that undergo spontaneous formation, merger, and splitting events, as
well as rapid latitude shifts over periods of weeks to months. The role of topography in controlling jet vari-
ability is explored using over 100 simulations from a doubly periodic, forced-dissipative, two-layer quasi-
geostrophic model. The system is forced by a baroclinically unstable, vertically sheared mean flow in a domain
that is large enough to accommodate multiple jets. The dependence of (i) meridional jet spacing, (ii) jet
variability, and (iii) domain-averaged meridional transport on changes in the length scale and steepness of
simple sinusoidal topographical features is analyzed.

The Rhines scale, ‘b 5 2p
ffiffiffiffiffiffiffiffiffiffi
Ve/b

p
, where Ve is an eddy velocity scale and b is the barotropic potential

vorticity gradient, measures the meridional extent of eddy mixing by a single jet. The ratio ‘b/‘T, where ‘T is
the topographic length scale, governs jet behavior. Multiple, steady jets with fixed meridional spacing are
observed when ‘b! ‘T or when ‘b ’ ‘T. When ‘b , ‘T, a pattern of perpetual jet formation and jet merger
dominates the time evolution of the system. Zonal ridges systematically reduce the domain-averaged me-
ridional transport, while two-dimensional, sinusoidal bumps can increase transport by an order of magnitude
or more. For certain parameters, bumpy topography gives rise to periodic oscillations in the jet structure
between purely zonal and topographically steered states. In these cases, transport is dominated by bursts of
mixing associated with the transition between the two regimes. Topography modifies local potential vorticity
(PV) gradients and mean flows; this can generate asymmetric Reynolds stresses about the jet core and can
feed back on the conversion of potential energy to kinetic energy through baroclinic instability. Both pro-
cesses contribute to unsteady jet behavior. It is likely that these processes play a role in the dynamic nature of
Southern Ocean jets.

1. Introduction

Ocean flows are replete with coherent structures on
scales ranging from the Rossby deformation radius l,
tens of kilometers, to the size of ocean basins, many
thousands of kilometers. Ocean jets, defined as zonally
elongated flows typically exhibiting banded structure with
alternating eastward and westward velocities, are an ex-
ample of coherent structures observed throughout this
range of scales. The near-universal presence of jets in the
ocean has been substantiated by observations of surface
currents from satellite altimetry (Hughes and Ash 2001;
Maximenko et al. 2005), as well as from finely resolved

numerical simulations (Nakano and Hasumi 2005). Jets
with a remarkably zonal orientation, spanning roughly 38
of latitude, are found to fill the Pacific and Atlantic Ocean
basins outside of equatorial regions (Richards et al. 2006;
Kamenkovich et al. 2009). However, these structures only
appear after sufficiently long time averaging.

In marked contrast, smaller-scale jets appear explic-
itly in instantaneous images of Southern Ocean velocity
fields obtained from both observations (Sokolov and
Rintoul 2007) and eddy-resolving numerical models [e.g.,
the Ocean Circulation Climate Advanced Modelling
(OCCAM) 1/128 model, Lee and Coward (2003); the
Modeling Eddies in the Southern Oscillation (MESO)
project, Hallberg and Gnanadesikan (2006)]. These jets
are distinct from ocean basin jets in that they are thin,
ribbonlike features that undergo significant meandering.
The locations of these jets are largely fixed by topo-
graphical features; however, over periods of weeks to
months, jets may form and disappear, merge and split,
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