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ABSTRACT

A global primitive equations oceanic GCM and a simple four-box model of the meridional circulation are
used to examine and analyze the instability of the thermohaline circulation in an ocean model with realistic
geometry and forcing conditions under mixed boundary conditions. The purpose is to determine whether this
instability should occur in such realistic GCMs.

It is found that the realistic GCM solution is near the stability transition point with respect to mixed boundary
conditions. This proximity to the transition point allows the model to make a transition between the unstable
and stable regimes induced by a relatively minor change in the surface freshwater flux and in the interior
solution. Such a change in the surface flux may be induced, for example, by changing the salinity restoring time
used to obtain the steady model solution under restoring conditions. Thus, the steady solution of the global
GCM under restoring conditions may be either stable or unstable upon transition to mixed boundary conditions,
depending on the magnitude of the salinity restoring time used to obtain this steady solution. The mechanism
by which the salinity restoring time affects the model stability is further confirmed by carefully analyzing the
stability regimes of a simple four-box model. The proximity of the realistic ocean model solution to the stability
transition point is used to deduce that the real ocean may also be near the stability transition point with respect
to the strength of the freshwater forcing.

Finally, it is argued that the use of too short restoring times in realistic models is inconsistent with the level
of errors in the data and in the model dynamics, and that this inconsistency is a possible reason for the existence
of the thermohaline instability in GCMs of realistic geometry and forcing. A consistency criterion for the
magnitude of the restoring times in realistic models is formulated, that should result in steady states that are
also stable under mixed boundary conditions. The results presented here may be relevant to climate studies
that run an ocean model under restoring conditions in order to initialize a coupled ocean-atmosphere model.
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1. Introduction

Ocean models can be run with two alternative for-
mulations of the upper boundary condition (b.c.) for
the heat and salt equations. In the first formulation
(restoring b.c.), the model is driven by air-sea fluxes
of heat and salt that are calculated from the difference
between specified surface temperature and salinity
fields and the surface temperature and salinity that are
calculated by the model. A restoring coeflicient (with
units of one over time) is used to translate this differ-
ence into the heat and salt fluxes driving the model.
The second formulation (flux b.c.) involves specifying
the air-sea fluxes independently of the values of the
surface temperature and salinity.
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Bryan (1986) has demonstrated that the steady-state
thermohaline circulation obtained under restoring
boundary conditions may be unstable upon transition
to mixed boundary conditions (i.e., restoring boundary
condition for temperature and flux boundary condition
for salinity). This instability, and the accompanying
phenomena of multiple steady states under mixed b.c.
have been studied extensively using models of varying
complexities, from box models (Stommel 1961; Rooth
1982; Walin 1985; Marotzke 1989) through interme-
diate complexity models (Marotzke et al. 1988; Quon
and Ghil 1993; Zhang et al. 1993) to primitive equa-
tions oceanic general circulation models (Bryan 1986;
Weaver and Sarachik 1991; Marotzke and Willebrand
1991).

The implications of this instability to climate mod-
eling may be serious, as indicated for example by
Weaver and Sarachik (1991). Climate studies of the
response of the atmosphere-ocean system to the dou-
bling of the atmospheric CO; concentration, for ex-
ample, are often started by running an ocean model
to steady state under restoring conditions using the ob-
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