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ABSTRACT

Sea surface elevation and bottom pressure anomalies due to thermohaline forcing are examined through
analytical and numerical models, including Boussinesq and non-Boussinesq models. It is shown that Boussinesq
approximations can introduce noticeable errors, depending on the spatial and temporal scales of the perturbations.
According to the theory of geostrophic adjustment, when the initial perturbations have horizontal scales com-
parable to the barotropic radius of deformation, the initial pressure perturbations will be basically retained
through the adjustment. On the other hand, if the initial perturbations have horizontal scales much smaller than
the barotropic radius of deformation, the initial pressure perturbations will be largely lost. Precipitation has
horizontal scales on the order of 10–100 km, much smaller than the barotropic radius of deformation. Thus, for
timescales longer than days, the contribution from individual precipitation events to the local free surface elevation
and bottom pressure is small and is difficult to identify from satellite data. On the other hand, thermal forcing
has horizontal scales comparable to the barotropic radius of deformation, so its long-term contribution to sea
surface height anomaly is noticeable and is easily identified from satellite data. Because Boussinesq models
induce faulty sea surface height and bottom pressure signals, the errors introduced by these models are noticeable
for anomalies in large-scale [O(1000 km)] thermohaline forcing.

1. Introduction

Boussinesq (1903) first introduced certain approxi-
mations that have been widely used in oceanic circu-
lation models. The Boussinesq approximations can be
summarized by two points. 1) The fluctuations of den-
sity are primarily due to thermohaline effects (Boussi-
nesq’s original study was focused on the contribution
due to thermal forcing, as opposed to pressure; however,
this assumption has been extended to include also the
dynamic effect of salinity). 2) In the momentum and
mass conservation equations, density variations may be
neglected, except in the terms associated with buoyancy
force. Thus, most existing numerical circulation models
use volume conservation to replace mass conservation
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and use a fixed-value reference density to replace in situ
density in the horizontal momentum equations.

The applicability of the Boussinesq approximations
to fluid dynamics has been discussed in many papers.
Spiegel and Veronis (1960) discussed the case for po-
lytropic gases, and its application to liquids has been
discussed by many other authors, such as Mihaljan
(1962), Zeytounian (1989), and Bois (1991). Most of
these studies have been based on nonrotating fluid; the
possible dynamic effect of rotation has not been studied
thoroughly.

In this study, we will emphasize that the errors in the
oceanic circulation induced by Boussinesq approxima-
tions vary greatly, depending on the spatial and temporal
scales of perturbations. In actuality, in the ocean both
the sea level and bottom pressure may go through geo-
strophic adjustment processes that are very different in
comparison with a Boussinesq ocean.

In the ocean, for example, the sea level increases in
direct response to local heating, but there is no initial
perturbation in bottom pressure. On the other hand, in
a Boussinesq ocean, surface heating induces a loss of
mass (thus, a negative bottom pressure signal), with no
immediate increase in sea level. Because most existing


