Jury 1989

B. GALPERIN, A. ROSATI, L. H. KANTHA AND G. L. MELLOR

901

Modeling Rotating Stratified Turbulent Flows with Application to Oceanic Mixed Layers

B. GALPERIN, *'T A, ROSATL** L. H. KANTHA* AND G. L. MELLOR *

*Program in Atmospheric and Oceanic Sciences, Princeton University, Princeton, New Jersey;
* *Geophysical Fluid Dynamics Laboratory/NOAA, Princeton University, Princeton, New Jersey

(Manuscript received 4 April 1988, in final form 27 December 1988)

ABSTRACT

Rotational effects on turbulence structure and mixing are investigated using a second-moment closure model.
Both explicit and implicit Coriolis terms are considered. A general criterion for rotational effects to be small is
established in terms of local turbulent Rossby numbers, Characteristic length scales are determined for rotational
effects and Monin-Obukhov type similarity theory is developed for rotating stratified flows. A one-dimensional
version of the closure model is then applied to simulate oceanic mixed layer evolution. It is shown that the
effects of rotation on mixed layer depth tend to be small because of the influence of stable stratification. These
findings contradict a hypothesis of Garwood et al. that rotational effects on turbulence are responsible for the
disparity in the mixed-layer depths between the eastern and western regions of the equatorial Pacific Ocean.
The model is also applied to neutrally stratified flows to demonstrate that rotation can either stabilize or destabilize

the flow.

1. Introduction

The role of rotational terms in the balance of the
second-order turbulence correlations in geophysical
flows has not been thoroughly investigated to date, al-
though the need for such a study has often been ac-
knowledged (Mellor 1973; Zeman and Tennekes 1975;
Mellor and Yamada 1982). When Coriolis terms are
nonzero, inherent algebraic complexity involved in
obtaining explicit relationships for turbulent exchange
coefficients in the framework of higher-order turbu-
lence closure models has hindered a systematic study
of rotational effects. Generally, Coriolis terms have
been assumed small and neglected in the second mo-
ment equations (Mellor 1973; Mellor and Yamada
1982). However, recent studies by Garwood et al.
(1985a,b) suggest that these terms may not always be
small and may play a significant role. Their analysis is
based on an extension of the vertically integrated, bulk
mixed layer model by Garwood (1977) that includes
Coriolis terms in the equations for turbulence energy
components; the model neglects off-diagonal elements
in the Reynolds stress tensor. Garwood et al. (1985b)
applied their model to the mixed layer in the equatorial
western Pacific Ocean and attributed its unusually large
depth to the redistribution of turbulence energy from

¥ Present affiliation: Program in Applied and Computational
Mathematics, Princeton University.

Corresponding author address: Dr. B. Galperin, Program in Applied
and Computational Mathematics, Princeton University, Princeton,
NJ 08544,

© 1989 American Meteorological Society

the horizontal to the vertical component due to the
action of the poleward component of the Coriolis vec-
tor, f,. Their model presumably accounts for the dif-
ference in mixed layer depths in the western and eastern
parts of the equatorial Pacific Ocean on the basis of
differences in the atmospheric forcing and the effect of
the terms proportional to f,. (Curiously, they posit an
equilibrium equatorial mixed layer and neglect con-
sideration of the momentum equation. However, con-
sideration of that equation at 0° latitude and for hor-
izontally homogeneous fields indicates that an equilib-
rium mixed layer is not possible as illustrated by the
experiments of Kato and Phillips 1969 and Kantha et
al. 1977.) This finding is important for equatorial
oceanography and one of the goals of the present study
is to verify whether or not the same conclusion would
be supported by a local, second moment turbulence
closure model rather than a bulk model.

In second-moment models the explicit effect of Co-
riolis terms in the equations for Reynolds stress and
heat flux components need not be modeled; they are
linear functions of the stresses and fluxes themselves.
Therefore, no new modeling assumptions are needed.
We here merely overcome analytical complexity in ex-
tending a second moment model into parameter space
where the Coriolis effect is liable to be important. It is
true that additional, implicit Coriolis terms could be
included in, for example, the Rotta hypothesis for the
pressure, rate of strain covariance terms, but in section
3 we exclude these terms; their inclusion would de-
crease the total Coriolis effect and we wish here to es-
tablish an upper bound to this effect.

In this paper the direct effects of the vertical and






